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SUMMARY 
The suspension polymerisation of vinyl chloride is the main industrial process used 
for the production of PVC. One of the key operations in this process is liquid-liquid 
agitation. The stability of the dispersion formed by such a system depends upon 
a number of parameters that have to be controlled. The present study clarifies drop 
behaviour in dispersion of vinyl chloride monomer, using poly(vinyl alcohol) 
stabilisers, before and during polymerisation. In order to carry out our experiments, 
a11. capacity pressurised reactor system connected to an external microscopic 
optical cell was designed along with a reflux system. Parameters affecting the 
initial VCM dispersion, prior to suspension polymerisation, such as residence 
time, agitation speed, volume fraction and type and concentration of suspending 
agent have been studied in some details and a correlation relating the Sauter mean 
diameter (D32) to the vessel geometry, the volume fraction and the Weber number 
has been proposed. Studies of drop coalescence using a tracer ( dye ) under different 
experimental conditions showed that the rate of coalescence between 
non-polymerising VCM droplets was relatively slow, proportional to the agitator 
speed and decreased by increasing PVA concentration. The PVA adsorption on 
VCM droplets during both dispersion and polymerisation was also studied. It was 
found that during polymerisation the rate of adsorption was relatively high at the 
early stages. The individual mechanisms of the droplets formation and subsequent 
droplet agglomeration processes in suspension polymerisation were also 
investigated. It was found that the method of addition of initiator was very important 
as it affects the morphology as well as the conversion of the final product. The 
influence of the condenser operation in the suspension polymerisation of vinyl 
chloride and its effects on the mechanism of droplet formation were also studied 
and the fate of monomer droplets returning from the condenser were investigated. 
The external morphology of the final PVC particles was studied using scanning 
electron microscopy ( SEM ) technique. 
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CHAPTER 1 
I- INTRODUCTION 
1.1 - General introduction : 
Poly(vinyl chloride), known as PVC, is one of the major plastics manufactured at the 
present day. It is characterised by its low cost and versatility of applications. Its popularity 
is also due to its ability to incorporate different additives and plasticisers as well as its 
high degree of chemical resistance. PVC polymer has found markets in a large number 
of industries such as packaging, paints, surface coating, building and wire insulation. 
Because of the insolubility of the vinyl chloride monomer in its polymer, Vinyl chloride 
polymerisation is classified as a multiphase process. Poly(vinyl chloride) is commercially 
produced by three major processes: bulk, emulsion and suspension polymerisation. The 
original manufacturing technique was emulsion polymerisation but, it was later replaced 
by the suspension process. The latter process is presently used for the commercial 
production of approximately 80 % of the world's PVC. 
The process of suspension polymerisation of vinyl chloride is known to be typified by 
a particular morphological profile. The vinyl chloride monomer is suspended, as liquid 
droplets ( dispersed phase ), in a continuous water phase by the mean of a strong 
mechanical agitation and the presence of a suspending agent. The method of addition of 
the components, the amount of premixing of vinyl chloride monomer and the water phase 
as well as the type and concentration of suspending agents and initiators have a great 
1 
influence on the final PVC product. 
Liquid vinyl chloride can be polymerised by a free-radical mechanism to form a polymer 
insoluble in its monomer, using a suitable monomer-soluble initiator. Inside the droplet, 
the PVC polymer precipitates from the vinyl chloride monomer at very low conversion 
( the polymer precipitates when its more than nine monomer units long ), to form the 
primary particles which are formed by the agglomeration of very small particles, 
sometimes referred to as "basic" particles. These so called "basic" particles are believed 
to be formed by the coagulation of a few polymer molecules. Because of the low solubility 
of both the monomer and the polymer in the continuous phase, the polymerisation occurs 
exclusively in the dispersed phase and the vinyl chloride droplet behaves as a mini-bulk 
reactor. Therefore, it is essential to study the vinyl chloride dispersion properties, such 
as the droplet size and size distribution and stability, before and during the suspension 
polymerisation process. 
One of the key operations in the suspension polymerisation process is liquid-liquid 
agitation. Mixing operations are very common in chemical industrial processes. They 
are , 
in general, used as a multiphase process in order to increase the interfacial area 
between the different phases or to produce droplets ( and later polymer particles) of a 
particular size and size distribution. When two immiscible liquids are mixed, a system 
containing dispersed liquid droplets in a continuous phase is formed. In such a system, 
continuous break-up and coalescence of the droplets occur simultaneously because of 
the turbulent conditions that exist. The stability of the formed droplets and the drop size 
in such a system depend upon a number of parameters that have to be controlled. Among 
these parameters, the suspending agent type and concentration and the volume fraction 
of the dispersed phase play an important role. The tendency of droplets to coalesce 
depends mainly on the type and concentration of the suspending agent. The most 
commonly used suspending agents for vinyl chloride suspension polymerisation are 
water-soluble polymers such as cellulose ether derivatives and partially hydrolysed 
poly(vinyl acetates). The adsorption of such molecules at the monomer-water interface 
reduce the interfacial tension and hence reduce the energy required to form droplets. The 
stability of the suspended droplets against coalescence depend largely on the ability of 
2 
the thin colloidal film, formed at the Vinyl chloride / water interface, to give the droplets 
better elastic properties. The effect of the elastic properties is enhanced by increasing 
the concentration of the suspending agent until, a certain surface coverage of the droplets 
is reached. At that point, a "critical surface coverage" is established and, further increase 
in the suspending agent concentration will have a very little effect on the drop stability. 
In the suspension polymerisation process, the monomer phase is dispersed in the 
continuous aqueous phase to form a dispersion. The characteristics of the dispersion 
are mainly governed by the physical and chemical properties of the components as well 
as the mechanical features of the equipment. Another important feature of this two-phase 
system is the ability to control the heat and mass transfer between the droplets. It is, 
also, well known that, by controlling the size and size distribution of the liquid droplets, 
it is possible to predict the size and size distribution of the final polymer particles. In the 
case of suspension polymerisation of vinyl chloride, the mass transfer between the 
droplets is believed to be mainly due to coalescence. During collision, if two droplets 
remain in contact together long enough for the liquid film to drain down to a certain 
minimum thickness, the rupture of the film will occur and the droplets will coalesce. 
During the suspension polymerisation of vinyl chloride monomer, insoluble PVC 
polymer is formed inside the monomer droplets. The different stages of particle formation 
( i. e nucleation, growth and aggregation ), as well as the properties of the continuous 
phase determine the properties of the final particles (i. e grain size, size distribution and 
porosity ). One of the main type of surface active agents used in the manufacture of 
Suspension PVC polymers are partially hydrolysed poly( vinyl acetate ). Their function 
is to adsorb at the monomer / water interface and, thus, prevent the coalescence of the 
droplets. When adsorbed, the PVA forms a thin "skin" at the monomer surface at the 
early stages of the polymerisation. The formation of the "skin" prolongs the contact time 
for drop coalescence and thus reduces the probability of coalescence. Another feature 
of vinyl chloride suspension polymerisation is that the use of reflux condensers, initially 
used to increase the heat transfer, does produce PVC particles having different properties 
3 
from those produced without the occurrence of reflux. Consequently, there is a growing 
need for a more detailed understanding of the phenomena taking place in the suspension 
polymerisation reactor especially those related to the behaviour of the monomer droplets. 
1.2 - Objectives : 
The objectives of the present research project were to investigate the possibility of 
controlling some of the parameters which are believed to have a great influence on the 
particle size and particle morphology of the vinyl chloride polymer during suspension 
polymerisation. For this purpose, it was intended to study the following aspects of vinyl 
chloride suspension polymerisation: 
A- Drop studies : 
A. 1 - The study of the variation of the drop size and drop size distribution, which results 
from changing parameters that can have an influence on the drop size, such as residence 
time, turbulence intensity, baffles, volume fraction of the dispersed phase and suspending 
agent type and concentration. These experiments were performed using a simulated 
monomer. 
A. 2 - After having characterised the effect of the latter parameters using a simulated 
monomer, some experiments were performed using vinyl chloride monomer. 
A. 3 - The study of the mass transfer between the different phases ( from drop to 
drop, 
from water to drop and vice versa ). This was performed by carrying out some dye 
experiments. 
A. 4 - The study of the extent of suspending agent adsorption on the monomer droplets. 
B- Polymerisation experiments : 
B. 1 - The study of the mechanism of droplets formation and subsequent droplets 
agglomeration during the different stages of the vinyl chloride suspension 
polymerisation. 
B. 2 - The study of the influence of reflux condenser operation on the grain size and 
morphology. This was performed using a series of model experiments. 
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CHAPTER 2 
2- LITERATURE REVIEW 
In designing a polymerisation reaction system, it is often necessary to consider the 
state of aggregation of the polymer product as well as the physico-chemical 
properties. The end use of the final product determines the size and the other 
properties that the final product must have. In many cases, the polymer product is 
required in the form of small particles of uniform size. While many procedures are 
used to produce such particles, it is common to disperse initiator and monomer 
mixtures into water containing a suspending agent. The latter heterogeneous 
polymerisation is called suspension polymerisation process. One of the most 
important issues in the practical operation of suspension polymerisation is the control 
of the final particle size. The particle morphology is also an important characteristic 
for the application of the polymer product. Thus, the nature and properties of the 
initial dispersion are as important as the morphological aspect of the polymer particle. 
The present chapter, which is divided into two sub-chapters, is aimed to provide a 
brief literature review related to liquid-liquid dispersions and vinyl chloride 
suspension polymerisation. More details about the general principles and theories 
related to these subjects are presented in chapter -3-. 
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2.1 - Liquid-liquid dispersions : 
Liquid-liquid dispersion are commonly used in many operations in chemical 
engineering. There are, in general, used as multiphase process in order to increase 
the interfacial area between the different phases to improve the interphase transport 
rates. When two immiscible liquids are mixed, a system containing dispersed liquid 
droplets in a continuous phase is formed. In such a system, continuous break-up and 
coalescence of the formed droplets occur simultaneously because of the turbulent 
conditions that exist in it. If the agitation of the system is maintained for a sufficiently 
long time, a local dynamic equilibrium is established between break-up and 
coalescence ( Valentas, K. H. et al. 1966; Coulaloglou, C. A. and Tavlarides, L. L. 
1977; Narsimham, G. et al. 1979 ). At equilibrium, the breakage and coalescence 
occur at the same rate and the average size and size distribution of the formed droplets 
depend on the type and extend of agitation as well as on the physical properties of 
the liquid mixture. The use of protective colloids such as PVA (partially hydrolysed 
poly(vinyl acetate)) or cellulose ethers may prevent coalescence and enhance the 
drop stability by decreasing the interfacial tension. One of the main unit processes 
involving stabilised liquid-liquid dispersions is suspension polymerisation. This 
review is restricted mainly to liquid-liquid dispersions related to suspension 
polymerisation. 
The knowledge of the drop size and size distribution in the liquid-liquid dispersion 
system is a key element in the prediction of heat and mass transfer as well as in the 
control of the particle size distribution in emulsion and suspension polymerisation. 
Numerous investigators have studied the two phase dispersed systems in agitated 
vessels ( Gal-or et al. (1969); Tavlarides et al. (1970); Lee, J. M. and Soong, Y. 
(1985); Chatzi, E. G. et al. (1991)). The theoretical work on liquid-liquid dispersions 
in turbulent flow, first, began the work of Kolmogorov about fifty years ago 
(Kolmogoroy A. N., (1941a)) when he developed the theory of local isotropy. The 
hypothesis put forward was that, if the Reynolds number of the flow was high, the 
properties of the system in a very small volume of liquid could be estimated from 
the concept of local isotropy ( see chapter -3- for details on this theory ). Later, 
Hinze, J. O. (1959); Bachelor, G. K. (1947,1953) and other workers extensively 
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reviewed this theory and used it to study the processes of breakage and coalescence. 
This theory was investigated experimentally by many workers using different types 
of dispersed phase systems and different experimental techniques ( Calderbank, P. H., 
(1958); Shinnar, R. and Church, J. M., (1960); Shinnar, R., (1961); Chen, H. T. and 
Middleman, S., (1967) and Sprow, F. B., (1967a)). Shinnar, R. (1960) tried to describe 
quantitatively the influence of turbulence on both breakage and coalescence of 
individual droplets by deriving relations and comparing them with experimental 
evidence. He, also, studied the dependence of droplet size on energy dissipation per 
unit mass, as predicted by the theory of local isotropy and compared it with 
experimental data using geometrically similar reactor vessels of different sizes. He 
concluded that the statistical theories of turbulence can be of practical value in 
estimating droplet size in agitated dispersions. Sprow, F. B., (1967a) used an 
electronic particle counting technique (the Coulter counter) to determine the 
distribution of drop sizes produced in turbulent liquid-liquid dispersion. He derived 
an equation, based on the theory of local isotropy, that predicts the correct dependence 
of the maximum drop diameter on the impeller speed and the turbine diameter. 
A variety of experimental approaches have been used to investigate the features of 
dispersion behaviour. The most widely studied system is the impeller agitated, 
baffled, batch, liquid-liquid dispersion. This system was used by many investigators 
to study the variation of interfacial area, drop size distribution and breakage and 
coalescence rates as a function of agitated speed ( Shinnar, R., (1961); Coulaloglou, 
C. A. and Taviarides, L. L., (1977); Brooks, B. W., (1979)), agitator type ( Skelland, 
A. H. P. and Kanel, J. S., (1990)), residence time ( Chung, S. I., (1985); Hong, P. O. 
and Lee, J. M., (1983)), vessels dimensions ( Shinnar, R., (1961); Lee, J. C. and 
Tasakorn, P., (1979)) and other physical parameters of the system. Brooks, B. W., 
(1979) developed a new technique to study the drop size distribution which consisted 
of solidifying the dispersed phase as a result of a small decrease in temperature. He 
found that, for unbaffled vessels, mean drop diameters depended on impeller type 
and were proportional to the stirrer speed raised to the power -1.2, while with a 
turbine agitator the insertion of baffles appeared to lower the dependency of drop 
size on stirrer speed and narrow the size distribution. Hong, P. O. and Lee, J. M., 
(1983) studied the changes of the average drop size and the minimum transition time 
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required to reach steady state during the initial period of liquid-liquid dispersion. 
The minimum transition time was found to depend on impeller speed and on the 
impeller/tank diameter ratio as well as the system's physical properties. They , also, 
found that the average drop size changed exponentially from large to small while 
the distribution changed less drastically from wide to narrow when speed increased. 
Lee, J. C. and Tasakorn, P., (1979) reviewed the theory of drop break-up and described 
a method for the use of drop size measurements in stabilised liquid-liquid dispersions 
to estimate the turbulence intensity factor. Results for the Sauter mean diameter in 
dispersions of o-xylene stabilised with poly (vinyl alcohol) in baffled and unbaffled 
tanks of different dimensions for phase volume fractions of 0.05 to 0.30 were also 
reported. The results obtained for baffled vessels were correlated relating the Sauter 
mean diameter to the volume fraction, the tank diameter and the impeller Weber 
number. They, also, found that the intensity factor in baffled vessels was independent 
of the tank size and the impeller speed while in unbaffled vessels it tended to increase 
with increasing speed and tank size. 
The effects of continuous phase viscosity on the drop size of liquid-liquid dispersions 
in agitated vessels operated batchwise was experimentally examined by Stamatoudis, 
M. and Tavlarides, L. L. (1985). They found that the effect of continuous phase 
viscosity on the drop size distribution is most pronounced for systems of high 
dispersed phase viscosities and that a logarithmic plot of the Sauter mean diameter 
as a function of the impeller speed is a straight line, the slope of which varies with 
the continuous phase viscosity. A year later, Calabrese, R. V. et al. (1986a, 1986b) 
determined the extent to which dispersed phase viscosity and the interfacial tension 
influence the equilibrium mean drop size and drop size distribution at constant 
interfacial tension for dilute suspensions by dispersing silicone oils of various grades 
in water. They developed a mechanistic model for mean drop size which predicts 
the moderate viscosity data and whose parameters correlate the high viscosity results. 
They also, developed correlations for Sauter mean diameter using the latter 
mechanistic model and compared their results to the data of Chen, H. T. and 
Middleman, S. (1967) and Arai, K. et al. (1977). A review of the work published in 
the area of liquid-liquid dispersions was given more than a decade ago by Tavlarides, 
L. L. and Stamatoudis, M. (1981). They discussed the dispersion phenomena such 
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as coalescence and breakage of droplets, drop size distribution and presented the 
most widely used models and correlations that predict them. Recently, Chatzi, E. G. 
et al. (1991) published a series of papers on the drop size distributions in agitated 
vessels. They studied the effect of temperature and impeller speed on the drop size 
distributions. The use of laser diffraction technique to measure the drop size 
shortened the sampling time and increased the sensitivity in measuring small 
diameter drops. They found that the system assumed characteristic bimodal 
distributions within a very short time and that further stirring only reduced the drop 
sizes without substantially affecting the shape of their distribution. They also, found 
that an increase in temperature resulted in a size reduction and narrowing of the large 
peak of the distribution. Furthermore, the minimum time required for the system to 
reach steady state at different conditions was found to depend on the Weber number 
of the main flow. 
2.1.1 - Effect of surfactants : 
Because of the complexity of the mixing process and its dependency upon a large 
number of parameters, many scientists work with non-coalescing "clean" systems 
(i. e. low dispersed to continuous phase ratio). Thus, most of the correlations and 
models currently available are based on "clean" liquid-liquid systems (i. e. without 
surfactant). In reality, in most industrial processes trace amounts of surface active 
impurities are frequently present. Some surface active agents are added intentionally 
to obtain stable suspensions as is the case for emulsion and suspension polymerisation 
processes. The function of the surface active agent is to adsorb to the monomer/water 
interface and prevent other drops from approaching because of the steric repulsion 
forces. Several investigations have been reported in the literature on the use of surface 
active agents in liquid-liquid dispersions ( Church, J. M. and Shinnar, R. (1961); 
Hartland, S. (1968); Borwankar, R. P. et al. (1986); Konno, M. et al. (1993)). Church, 
J. M. and Shinnar, R. (1961) studied the mechanism of droplet stabilisation in agitated 
dispersions as a function of stabiliser concentration. They reported a sharp decrease 
in the average drop size when the concentration of stabiliser (surface active agent) 
is increased from 0.03 to 0.5 wt%. They, also, confirmed the existence of dispersions 
stabilised by turbulent agitation by adding a molten colored wax to an existing 
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dispersion and taking photographs of samples at different residence times. Leng, 
D. E. and Quarderer, G. J. (1982) studied the effect of surface active agents on both 
liquid-liquid dispersion and suspension polymerisation. They proposed four models 
to describe drop dispersion in non-coalescing systems. The models predicted the 
largest surviving drop size d,  as a 
function of geometry, speed and physical property 
variables such as monomer type and stabiliser concentration. Borwankar, R. P. et al. 
(1986) tried to simulate the drop dispersion for suspension polymerisation of vinyl 
chloride using a mixture of 1,2 dichloroethane and ethylbenzene and using several 
HPMC (hydroxypropyl-methylcellulose) products as suspending agents. They 
determined the critical surface coverage of stabiliser necessary to inhibit coalescence 
and correlated the Sauter mean diameter to the extent of agitation under turbulent 
conditions. An in-situ photomicrographic technique was used to monitor the size 
distribution of the suspended oil drops. They concluded that, polymeric suspension 
stabilisers can stabilise the dispersions against coalescence, when used in sufficient 
quantities. Nilson, H. et al. (1985) studied the drop size distribution of vinyl chloride 
in water emulsions using a similar technique. They observed a large difference in 
coalescence stability, depending on the type of stabiliser used. More recently, Chatzi, 
E. G. et al. (1991) studied the effect of stabiliser concentration on the evolution of 
drop size distribution. They determined the minimum time required for a system to 
reach a steady state and measured the average drop diameters as a function of 
stabiliser concentration, temperature and agitation speed. They, also, developed 
correlations relating the minimum transition time (tr in) and Sauter mean diameter ( 
D32) with the Weber number of the main flow. Konno, M. et al. (1993) studied the 
drop break-up process in a stabilised liquid-liquid dispersion. They confirmed 
experimentally the absence of drop coalescence in their system and found that, in 
break-up processes, at each impeller speed, drop size distributions had a similar 
distribution form. They, also, proposed a new correlation equation, which expresses 
the evolution of Sauter mean drop size over a wide range of drop sizes. 
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2.1.2 - Use of models : 
In order to describe accurately the phenomena occurring with an agitated 
liquid-liquid dispersion, appropriate models for the system must be constructed. It 
is well known that the main physical factors affecting a turbulent dispersion are 
breakage and coalescence. Thus, a better understanding of droplet breakage and 
coalescence would permit the treatment of problems involving mass transfer and 
chemical reaction, and the prediction of drop size and size distributions. Many 
investigators developed models to predict the drop size distribution using either drop 
population balances ( Valentas, K. J. et al. (1966), Valentas, K. J. and Amundson, 
N. R. (1966), Ramkrishna, D. (1974) Bajpai, R. K. et al. (1976) and Chatzi, E. G. and 
LEE, J. M. (1987)) or simulation techniques (Zeitlin, M. A. and Tavlarides, L. L. 
(1972), Coulaloglou, C. A. and Tavlarides, L. L. (1977), Molag, M. et al. (1980) and 
Hsia, M. A. and Tavlarides, L. L. (1983), Skelland, A. H. P and Kanel, J. S. (1992)). 
The former method was introduced by Hulburt, H. M. and Katz, S. (1964) and, later, 
developed by Valentas, K. J. and Admundson, N. R. (1976). Later, a detailed 
description of the integro-differential population balance equation was given by 
Coulaloglou, C. A. and Tavlarides. L. L. (1977). They developed the breakage and 
coalescence functions rates and used them to solve the general population balance 
equation describing drop interactions in a continuous flow vessel. The paramaters 
of the models were determined by comparing with experimental data on drop size 
distributions and mixing frequencies over a range of operating conditions. To 
overcome difficulties of solving numerically the population balance equations, a 
simplified model which combined the main features of the population balance 
equation with the flexibility of the Monte carlo method was presented by Laso, M. 
et al. (1987). The new model proposed is based on discretisation of the drop spectrum 
using a geometrical grid. The breakage and coalescence rates were evaluated by 
optimising the fit of the experimental results with the theoretical solution of the 
simplified model (Laso, M. et al. (1987a)). Although many attempts have been made 
in the literature to improve the understanding of the exact mechanisms of breakage 
and coalescence in liquid-liquid dispersions, these microscopic phenomena are still 
not very well understood (Hinze, J. O. (1955); Howarth, W. J. (1964); Chester, A. K. 
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(1991); and Palermo, T. (1991)). The most comprehensive models describing these 
phenemena were presented by Chatzi, E. G. et al. (1989). They incorporated them in 
a numerical algorithm to calculate the steady-state drop size distributions in a batch 
stirred vessel. They, also, introduced a new breakage distribution function that 
considers droplet broken into two daughters and several satellite droplets. As a result, 
bimodal diameter density distributions were obtained using the homogeneous 
interaction model developed by Valentas, J. G. and Admundson, N. R. (1966). Very 
few measurements of bimodal drop size distributions in agitated dispersions have 
been reported in the literature before (Ward, J. P. and Knudsen, J. G. (1967); Brown, 
D. E. and Pitt, K. (1972); and Laso, M. et al. (1987a). Recent work by Chatzi, E. G. 
And Kiparissides, C. (1992) established a breakage mechanism in order to predict 
the bimodal size distributions by using the population balance formalism. The 
proposed model, which is an attempt to incorporate the bimodality into the equations 
describing the droplet interactions in agitated vessels, considers the volume ratio 
between the generated drops and the satellite drops to be proportional to the parent 
drop volume. This is a modified model to the one considered earlier (Chatzi, E. G. 
et al. (1989)) as it considers the breakage of the parent drops into one daughter and 
several satellite drops. The results obtained were in good agreement with those 
observed experimentally. 
2.2 - Vinyl chloride suspension polymerisation : 
Poly(vinyl chloride), commonly known as PVC, is one of the earliest synthetic 
materials to be exploited industrially. Vinyl chloride itself, was first reported in 1835 
by Renault, H. V. while he was working in Justin Von Liebig's laboratory in Germany. 
It was prepared by the reaction of ethylene dichloride with alcoholic potassium 
hydroxide. Its polymerisation was first observed by Baumann, E. in 1872 while he 
was studying the ultraviolet light initiated polymerisation of various vinyl 
compounds. He reported that the white material produced had the elemental formula 
C2H3C1 and a density of 1.406 g/cm3. Despite these early discoveries the industrial 
development of poly(vinyl chloride) did not get underway until the start of the 20th 
century. This was due to its poor thermal stability which was making processing 
difficult. However, in 1912 Fritz Matte, of the German company 
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Griesheim-Electron, succeeded in overcoming that problem by developing a suitable 
stabiliser (Kaufman, M. (1969)). It was not until 1931 that the commercial production 
of PVC started in Germany, using emulsion technology, and soon afterward in the 
U. S. A (1933) (Tornell, B. (1988)). This commercial progress of PVC stimulated 
work that resulted in the development of new efficient plasticisers as well as new 
PVC polymerisation processes such as suspension, mass and solution 
polymerisation. Since then it has continued to develop and expand to the industry 
of today. This enormous expansion of the PVC industry is, to a large extent, due to 
its high versatility as a plastic raw material as it finds widespread application in 
emulsion paints, surface coatings, cable insulation, pipes, fittings, films, bottles etc.. 
At present approximately 80 % of the demand of poly(vinyl chloride) is produced 
by suspension process, while the rest corresponds to emulsion and mass 
polymerisation. This present review will be mainly devoted to the polymerisation 
of vinyl chloride using the suspension process. 
Many scientists have studied the polymerisation process of vinyl chloride, 
experimentally (Davidson, J. A. (1980); Winslow, F. H. (1951); Ravey et al. (1974); 
Smallwood, P. V. (1986)) or theoretically by proposing a series of models to describe 
the process (Ray, W. H. and Jain, S. K. (1975); Pinto, J. C. (1990); Sidiropoulou, .. 
et al. (1990); and Xie, T. Y. et al. (1991)). Because of the complexity of the 
hetero-phase polymerisation of the vinyl chloride (due to the insolubility of the 
poly(vinyl chloride) in its monomer), a large number of papers have been concerned 
with its mechanism and kinetics. A comprehensive discussion on the work performed 
up to the early seventies on bulk and suspension polymerisation of vinyl chloride, 
has been published by Kushanov, S. I. and Bort, D. N. (1973). They defined the main 
characteristics of the mechanism and kinetics of hetero-phase bulk (suspension) 
polymerisation of vinyl chloride and made a critical analysis of the literature data. 
The bulk and suspension polymerisation processes are believed to have great 
mechanistic similarities (Crosato-Arnaldi, A. et al. (1968)) due to the identical 
microstructure formation in both processes. Furthermore, in the suspension 
polymerisation process the droplet behaves as a mini-"bulk" reactor. Thus, it is 
intended that the extensive literature dealing with bulk polymerisation will, also, be 
discussed here. 
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Bankoff, S. G. and Norris Shreves, R. (1953) were among the pioneers in trying to 
understand the effects of variables in the vinyl chloride polymerisation process such 
as nature of catalyst, nature of surfactant, temperature and other additives. They 
studied the latter parameters in order to develop a polymerisation procedure for vinyl 
chloride which would yield a high quality polymer in a commercially feasible 
process. They observed a close similarity between the bulk and the suspension 
processes. Ueda, T. et al. (1972), designed some equipment in such a way that direct 
microscopic observation of vinyl chloride polymer particle formation in suspension 
became possible. They studied the mode of transformation of monomer droplets into 
polymer particles and discussed some of the factors that affect the change in particle 
size. An extensive mechanistic scheme of the vinyl chloride suspension 
polymerisation was later presented by Ravey, M. et al. (1974). Using previous work 
and their own experimental results, they resolved the suspension polymerisation 
process into five discrete stages and related them to the physical changes which occur 
in the system. Due to the increasing importance of the finished product (PVC) 
properties (especially when plasticised), many more scientists started investigating 
the morphological aspect of the vinyl chloride suspension polymerisation process. 
Parma, G. et al. (1977) investigated the particle morphology of poly(vinyl chloride) 
produced under quiescent conditions during radiation-induced bulk polymerisation 
over a temperature range of -30 to 70°C. They used transmission electron microscopy 
(TEM) to determine the particle morphology of the polymer. Their observations 
were mainly confined to the early stages of polymerisation. For polymerisation 
temperature below 20°C, the system remained predominantly homogeneous during 
the entire polymerisation and the polymer particles increased in size linearly with 
conversion. When the reaction temperature was higher, they found that the polymer 
particles rapidly settled and became cemented together. Using their finding, they 
formulated a process for particle formation and growth which resembles the one 
proposed by Fitch, R. M. (1971) for emulsion systems. Zichy, E. L. (1977), in studying 
the morphology of polymerising vinyl chloride droplets, built a spinning drop 
apparatus in which vinyl chloride droplets were suspended inertially. Using a 
scanning electron microscopy technique he observed the morphogenesis of the 
precipitating polymer granules resulting from the polymerisation of the suspended 
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vinyl chloride droplet. He concluded that the colloidal stability of the precipitating 
polymer was the dominant influence on internal aggregate formation. Zichy, E. L., 
also, concluded from the size of the internal grains that there must be a repulsive 
force between the precipitated polymer particles. An investigation of the 
morphological and kinetic features of the vinyl chloride suspension polymerisation 
process was carried out by injecting additional vinyl chloride monomer into a 
conventional suspension polymerisation process at two different conversions. He 
sustained the polymerisation for long periods of time in both cases, with the injection 
before pressure drop producing a more rapid decrease in properties such as porosity 
and surface area. When the monomer was injected after pressure drop, additional 
polymer growth produced a structure with noticeably inferior plasticiser absorption, 
even though porosity and surface area values were higher. The detrimental loss of 
overall porosity, which always occurs in post-pressure drop polymerisation, was 
assigned to an increased level of polymerisation in the smaller pores, cementing the 
particle together. This was believed to be caused by the initiator precipitating 
predominantly onto the polymer surface in the small pores, as pressure drop was 
passed, since these are the last regions in which liquid monomer persists. 
Davidson, J. A. and Witenhafer, B. F. (1980), in trying to understand the origin and 
nature of the repulsive forces between the polymer particles inside the vinyl chloride 
droplets, examined the skin formation process in some detail. They found that at 
very low conversion, polymerisation in the water phase resulted in the covering of 
the vinyl chloride droplet with a ca. 0.2 pm layer of water phase initiated polymer 
particles. When this layer is complete, it prevented the escape of the charging species, 
which are suspected to be chloride ions. After about 1-2 % conversion the formation 
of the skin is completed and the agglomerates formed earlier became electrically 
stabilised by the adsorption of the charging species. They also observed that the fate 
of these stable agglomerates depended upon the agitation conditions employed. 
A review of the state of knowledge on suspension PVC morphology was presented 
by Allsopp, M. W (1981). He used Geil's terminology (Geil, P. H. (1977)) in order 
to describe the changes taking place during vinyl chloride suspension polymerisation 
and proposed three main routes and mechanisms for grain formation. He also 
proposed a detailed schematic representation of the mechanism of VCM suspension 
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polymerisation. More recently, Smallwood, P. V. (1986) investigated experimentally 
the development of structure within grains of suspension PVC. He found that, 
although polymers produced at different polymerisation conditions (i. e. temperature, 
stirrer speed, type and concentration of protective colloid and initiators) had different 
final porosities the final size and number of primary particles reached approximately 
the same limiting values of 1.4 µm and 2.0x1011 cm 3, respectively. He also showed 
that the product's final porosity was strongly related to the conversion at which the 
primary particle network is formed. Furthermore, he suggested a model for the 
mechanism by which agitation, the presence of surfactants and temperature control 
the formation of the latter network. In a study of the formation of primary particles 
in agitated bulk polymerisation of vinyl chloride Tornell, B. and Uustalu, J. (1988) 
found that the mechanism of formation of primary particles was a two stage process. 
According to the authors, the first stage occurred at the very beginning of the 
polymerisation while the second stage started as the initial nucleated particles began 
to agglomerate and continued up to at least 7% conversion. Moreover, they found 
that the primary particles were stable and did not agglomerate until reaching a limiting 
size, which was found to be lower at higher agitation speeds. They also reported that 
the rate of formation during the second stage was equal to the rate of particle 
agglomeration. A study of the effect of using sorbitan esters as a means of controlling 
the number of primary particles was also performed. 
The product quality of suspension PVC is to a large extent controlled by the particular 
suspension stabiliser used as well as the way the polymerisation process is conducted. 
Although a great deal of work has been devoted to the stabilised droplets, there is 
very little literature related to the effect of stabiliser on the PVC particle. The few 
studies which are related to this subject and reported in the literature have shown 
that the porosity of a PVC resin is strongly affected by the surface activity of the 
stabiliser ( Zichy, E. L. (1977); Clark, M. (1982); Nilson, H. et al. (1985a) and 
Ormondroyd, S. (1988)), but, the mechanism by which the suspension stabilisers 
exert their influence is still mainly unknown (Tornell, B. (1988)). Nilson, H. et al. 
(1985a) prepared suspension PVC resins using different types and quantities of 
stabilisers. They discussed the effect of the stabiliser systems on the pore structure 
of the resins by referring to the interfacial behaviour of the stabiliser and the empirical 
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knowledge and confirmed that the porosity of the resin depended on the type of 
stabiliser. When PVA was used, they found that the degree of hydrolysis is also 
important. However, their data clearly showed that the porosity control in suspension 
PVC was not solely due to the ability of the adsorbed stabiliser to lower the interfacial 
tension at the VCM/water interface but, also, to other possible mechanisms by which 
the stabiliser interferes with the primary particles. An in-depth study of the influence 
of poly(vinyl alcohol) suspending agents on suspension poly(vinyl chloride) 
morphology was published by Ormondroyd, S. (1988). After presenting a brief 
review of the mechanism of PVC suspension polymerisation, he related the properties 
of vinyl chloride polymers made using poly(vinyl alcohol) stabilisers to the 
mechanism of particle formation. He also studied the effect of variations in poly(vinyl 
acetate) degree of hydrolysis and viscosity on the change in surface tension and 
described method of achieving higher porosity by using low degree of hydrolysis 
co-suspending agents (i. e. secondary stabilisers). Furthermore, he found that change 
in the degree of hydrolysis of the poly(vinyl acetate) at a fixed molecular weight had 
more effect on product properties than changes in molecular weight at a fixed degree 
of hydrolysis. 
Although the grain size distribution is an important property of a suspension PVC 
resin, very little has been published on this matter (Hoffmann, E. And Kummert, I. 
(1976); Barkley, L. M. (1976) and Nilsson, H. et al. (1983)). It is usually assumed 
that the grain size is controlled by the suspension stabilising system and the intensity 
of agitation. Hoffmann, E. and Kummert, I. (1976) and Barkley, L. M. (1976) studied 
the influence of agitation on the grain size. They showed that at low agitation an 
increase in the agitation is followed by a decrease in the grain size. They also found 
that there exists a critical agitation speed corresponding to a minimum grain size 
after which a further increase in the agitation will result in larger grains. The surface 
of the grains obtained at above the critical conditions was shown to have an irregular 
appearance, indicating that the grains were built up from a number of coagulated 
subgrains, while, grains polymerised at subcritical conditions had a smoother surface, 
suggesting the absence of coagulation. Nilsson, H. et al. (1983), in studying drop 
and grain size distribution during suspension polymerisation of vinyl chloride found 
that the average PVC grain volume at 5% conversion was five times larger than the 
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average monomer droplet volume. He also found that there was no change in grain 
size between 5% and full conversion. 
Because of the exothermicity of the vinyl chloride polymerisation reaction, it is very 
important for the heat produced by the reaction to be removed (368 Kcal/Kg) to 
maintain constant temperature. In suspension polymerisation the removal of heat is 
helped by the presence of a continuous water phase which transfers the heat to the 
cooled reactor jacket. But, as the polymerisation reactor becomes larger (i. e. 
industrial reactors), its surface to volume ratio decreases and thus becomes 
increasingly difficult to transfer the heat through the reactor jacket. The heat transfer 
can be slightly increased by the use of water cooled baffles, but a more efficient way 
is the use of reflux condensers. The latter technique has its inconvenient because it 
disturbs the particle size and properties. This is due to the fact that during 
condensation of the vinyl chloride monomer (VCM) vapours, the large amount of 
cool liquid VCM returns to the polymerising slurry. The behaviour of this liquid 
VCM when returned into the reaction medium is not understood. Although many 
scientists have theories, they are most of the time non confirmed by hard facts. 
Despite the fact that many PVC producers use reflux condensers, the design and 
process used is most of the time kept confidential. Thus, very few details are available 
in the literature on condensers operation in suspension PVC production (Mironov, 
A. A. et al. (1989) and Kobayashi et al. (1989)). Mironov, A. A. et al. (1989) studied 
the relation between heat removal and polymer particle formation during suspension 
polymerisation of vinyl chloride using a reactor with a reflux condenser. They 
developed a mathematical expression describing the dependence of polymer particle 
diameter on the thermal load in the reflux condenser for various hydrodynamic 
conditions and emulsion stabilisers. They claimed that their results could be used in 
the selection of condenser configuration as well as working conditions. Kobayashi 
at al. (1989) designed an apparatus for the manufacture of high porosity vinyl chloride 
resins. The apparatus consisted of a reactor, a reflux condenser and a temporary 
storage tank for the monomer returning from the reflux before returning it to the 
reactor. Thus, a suspension polymerised PVC having a porosity of 22.4 cm3/100g 
was prepared when 30% of the monomer was temporarily stored after 45% 
conversion and returned to the reactor after 55 % conversion. They found that without 
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using the temporary storage of monomer the PVC prepared had a porosity of 17.6 
cm3/100g. 
During the past 20 years several kinetic model have been proposed for the suspension 
and bulk polymerisation of vinyl chloride, based on the two-phase reaction scheme. 
These models have been described in two review papers (Ugelstad, J. et al. (1981) 
and Sidiropoulou, E. and Kiparissides, C. (1990)). Sidiropoulou, E. and Kiparissides, 
C. (1990) presented a brief review of the mathematical models describing the 
two-phase polymerisation of vinyl chloride in bulk and suspension reactors. After 
investigating the development of a unifying frame-work for modelling the latter 
system, they described a fairly comprehensive model that had the ability to predict 
the rate of polymerisation as well as the molecular properties of polymer as a function 
of the process conditions. The model presented was shown to be in good agreement 
with those well known PVC models published before. The present aim is not to 
describe the vinyl chloride polymerisation kinetics or its various models but to 
describe the models which are related to the mechanism of PVC formation. There 
is very little work done on the development of models relating the particle 
morphology to the physical and chemical changes inside the polymerising monomer 
droplets (Kiparissides, C. (1990); Diamadopoulous, E. et al. (1990) and Kiparissides, 
C. Et al. (1993)). Kiparissides, C. (1990) developed a microscopic particle 
morphology model that can predict the dynamic behaviour of primary particle size 
distribution in terms of the controlling process variables by formulating a population 
balance equation to follow the time variation of the primary particle density function 
from the nucleation of basic particles to the formation of particle aggregates. Also, 
the model proposed was shown to have the ability to analyse the effects of secondary 
dispersants on the primary particles. More recently, Kiparissides, C. et al. (1993) 
analysed the problems related to the formation and stability of primary particles in 
VCM suspension and bulk polymerisation using theories of stability of colloidal 
systems. They quantitatively investigated the dependence of the stability of primary 
particles on the ionic strength of the medium, temperature and the total particle charge 
in terms of the stability ratio and the particles coalescence rate constant. The 
theoretical predictions obtained were in good agreement with the experimental data 
published in the literature. 
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CHAPTER 3 
3- THEORETICAL CONSIDERATIONS 
3.1 - General behaviour of liquid-liquid dispersions : 
When two immiscible liquids are brought into contact using mechanical agitation 
a dispersion is formed. This process is of major importance in a number of chemical 
engineering operations, especially those involving heat and mass transfer. 
3.1.1 - Hydrodynamic mechanism of drop break-up : 
In batch mixing of two immiscible liquids, dispersion proceeds gradually. The 
bulk of the dispersed liquid is first divided by the action of the agitator into small 
"chunks" of liquid, which are then extended into thin strips. They, then, split-up into 
globules which disintegrate further into fine droplets of different sizes. The final size 
depends upon many experimental conditions such as the turbulence intensity, the 
volume fraction of the dispersed phase and the interfacial tension. 
Hinze, J. O. (1955) summarised the three principal types of globule deformation 
(illustrated in Fig - 3.1 -) : 
Type 1- The globule is flattened by the external pressure, forming in the initial stages 
an oblate ellipsoid (lenticular deformation). During the subsequent stages leading to 
break-up, the deformation process seem to depend on the external forces causing the 
deformation. 
Type 2- The globule extends into a cigar-type form until it is contracted as to give 
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off small droplets (cigar-shaped deformation). 
Type 3- As the surface of the globule is deformed locally in various places by the 
external forces, bulges and protuberances occur and thus parts of the globule become 
bodily separated (bulgy deformation). 
ýýý 
ý/ý=__ýý 
'ý i 
`ý 
týý 
0 
TYPE -1- TYPE-2- 
TYPE-3- 
"Lenticular" "Cigar-shaped" "Bulgy" 
Fig - 3.1 - Basic types of globule deformation 
The break-up of the globules into droplets will only occur if there is a sufficient 
degree of deformation and if the flow pattern persists long enough. The shear stresses 
(ti) that deform and even split the droplets are a result of the velocity gradients 
between the dispersed droplets and the surrounding continuous phase. To counteract 
the deformation, a surface force due to the interfacial tension ((7) will try to force 
the droplet to assume the most compact shape (i. e. sphere). There are three forces 
acting on the globule that control the deformation and cause or resist its desintegration 
(Tasakorn, P. (1977) and Hinze, J. O. (1955)) : 
1-A viscous force within the dispersed phase due to the internal circulation inside 
the globule brought about by unequal shear stresses around it. This force is of the 
order of magnitude of : 
µ: r ti [3.1] 
d Pr 
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Were µd, Pd and d are the viscosity, density and diameter of the globule respectively 
and ti the surface force per unit area. 
2- An interfacial tension force acting inwards at the interface of the globule trying 
to maintain the sphericity against any deformation. This surface tension force is equal 
to aid per unit area. Were ß is the interfacial tension between the two immiscible 
phases and d is the diameter of the globule. 
3- The fluid dynamic forces due to the combined effects of gravity, fluid flow and 
inertia forces denoted by a shear stress ti (force per unit surface area). This force 
varies along the surface and is function of time. 
These three forces per unit area, if combined between each other as ratios, form three 
dimentionless groups, two of which are independent. 
The "generalised" drop Weber number : 
We = 
Td [3.2] 
6 
Strictly speaking the Weber number is : 
We = 
pu' 
6 
Were put is the dynamic pressure of the fluid flow. 
The drop Reynolds number : 
Re =d tipj [3.3] 
and the viscosity group : 
Nv` _! 
tr_ We [3.4] 
P16d Re 
It is shown from equation [3.2] that the greater the value of We the greater is the 
external force T counteracting the interfacial tension force old and, thus, the greater 
the deformation. Hinze, C. O. (1955), also, has shown experimentally that there is a 
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critical Weber number value (We)c,;,. above which break-up occurs. When the Weber 
number is equal or slightly higher than (We)cr; t_ the mechanism of breakage is quite 
simple while for We » (We)cri, this mechanism is very complex. 
3.1.2 - Kolmogoroff's theory of local isotropy : 
The behaviour of a turbulent flow field is very complex as it is considered to be a 
somewhat random flow of eddies superimposed on the overall average flow. Thus, 
the problem of turbulence fluctuations is approached using statistical theory. It is 
assumed that fluid eddies are "sized" from large to small. Their size is determined 
by the dimensions of the mixing vessel. The large eddies which are influenced by 
the vessel's boundary (they are of the size of the impeller diameter (Coulaloglou, 
C. A. and Tavlarides, L. L. (1976)) transfer their kinetic energy to smaller eddies, 
until the kinetic energy is transferred to the smallest eddies. This transfer from large 
to small eddies takes place without energy dissipation. Once the kinetic energy 
reaches the small eddies, it is dissipated as heat to overcome the viscous forces. Since 
the transfer of kinetic energy occurs in different directions, it is therefore possible 
to assume that the small eddies are statistically independent of each other. Thus, the 
small scale velocity fluctuations are wholly determined by the local rate of energy 
dissipation per unit mass of fluid (a) and the kinematic viscosity (v). 
The Kolmogoroff length and velocity scales were derived from dimensional 
reasoning and are defined as : 
V3 
1/4 
[3.5] 
tc . (v£) "4 [3.6] 
For local isotropy to exist, the macroscale of turbulence L (approximately equal to 
the impeller diameter) of the energy containing eddies must be large compared to 
the microscale of turbulence r (L» Ti). Thus the Reynolds number (Re) of the flow 
must be high. The latter is defined as : 
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Re = 
ND 2 
v 
Were :N is the impeller speed 
D is the impeller diameter 
and v the kinematic viscosity of the dispersion. 
[3.7] 
Rushton, J. H. et al (1950) proposed that for the local isotropy theory to be valid the 
value of the Reynolds number must be above 104. If the latter condition is satisfied, 
the droplet diameters d are much smaller than the macroscale of turbulence L (d<<L), 
and much larger than the microscale of turbulence 11 (d» r). Thus : 
L»d»11 
For droplets of diameter d»Tl, the viscous forces may be neglected in comparison 
with the inertial forces (turbulent pressure fluctuations), while for d« rj viscous 
forces will dominate. If the conditions mentioned above for the existance of local 
isotropy are met, then the mean square of relative velocity u2(r) between any two 
points separated by a distance r is given by : 
tt 
2(r) 
= CIE2/3r2/3 for L >> r >> 11 [3.8] 
u2(r) = C2Er2lµ for L» 11 »r [3.9] 
Where C, and C2 are universal constants. 
3.1.3 - Drop size in turbulent liquid-liquid dispersions : 
The physical and chemical phenomena taking place in an agitated vessel largely 
depend upon the size of the dispersed droplets. The latter is determined by the relative 
contribution of breakage and coalescence mechanisms. As mentioned earlier, the 
droplets are subject to shear stresses and to turbulent velocity and pressure variations 
at their interface. These processes deform the drops and may break them into smaller 
droplets if the dynamic forces exceed the interfacial tension forces. At the same time, 
theses droplets are also colliding with each other and these collisions may produce 
coalescence if the colliding droplets remain together for a time long enough to enable 
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the rupture of the interfacial film (between the two colliding droplets). The drops 
will be constantly breaking up and coalescing simultaneously and after a certain time 
a dynamic equilibrium is reached. As the drops in the liquid-liquid dispersion are 
not uniform, investigators usually assume that there is a maximum drop diameter 
(dra) above which stable drops do not exist (drop breakage control) and a minimum 
drop diameter (dn,; 
n) 
below which there is no stable drops (coalescence control). 
3.1.3.1 - Maximum stable drop in isotropic turbulence : 
Kolmogoroff, A. N. (1949) and Hinze, J. O. (1955) were the first to derive a relation 
for the maximum drop diameter (d,,, ). Their basic assumption was that in order for 
a drop to become unstable, the kinetic energy of the drop oscillations must be 
sufficient to provide a gain in surface energy necessary for break-up. Since the kinetic 
energy of the drop oscillations was proportional to p, u2(d)d3 and the minimum gain 
in surface energy proportional to ade, then the Weber number We (which is defined 
as the ratio of the kinetic energy to the surface energy) has a critical value Wec, i,. of: 
Wecrit. = CI PC 12(d )d 3/ad 2 [3.10] 
Since turbulent flow is assumed locally isotropic and d» il, using equation [3.8] 
we have : 
3 )l6 = Constant [3.11] Wecrjt_ = (C' 1p E21 d 
As a result we determine dm, (for d» 71) as : 
dmax C, (6/r1c) 3/5s 215 [3.12] l h' 
Rushton, J. H. et al. (1950) have shown experimentally that for high Reynolds 
numbers, the energy input of mixing by the impeller per unit mass of the liquid in 
the vessel is independent of the properties of the liquid and is a function only, of the 
geometrical design of the agitator and its speed. Thus, the energy dissipation E is 
F- = C3N3D2 [3.13] 
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Where C3 is a constant depending on the geometry of the vessel and the agitator. 
Using equations [3.12] and [3.13] Shinnar, R. J. (1961) derived the following equation 
for dmax in turbulent agitated vessel : 
dmax = C4((YIp )3/5N4/5D-4/5 [3.14] 
The expression for dR, could be simplified as follow : 
P`N2D 
3 -3/5 
dmax = C4D = C4D (We)-0.6 
6 
Thus :d max = C4(We) -0.6 [3.15] D 
By assuming a linear relationship between dm and the Sauter mean diameter d32 
(Sprow, F. B. (1967) and Coulaloglou, C. A. and Tavlarides, L. L. (1976)) we have : 
d32 = C5dmax [3.16] 
Where C5 was found to vary from 0.38 to 0.7. Thus : 
d3'- 
- C4C5(We )-0.6 = C6(We) -0.6 [3.17] D 
Equation [3.17] has been verified with a large number of liquid-liquid dispersions 
for non-coalescing systems (Yuang, H. G. et al. (1991)). Table - 3.1 - gives the most 
important reported correlations for mean droplets size. The most frequently reported 
correlation is of the form : 
d3' 
= C7f(O) (We)-o. F D 
[3.18] 
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Where cp is the volume fraction of the dispersed phase. As the presence of the 
dispersed phase may cause a damping of the turbulent fluctuations depending on the 
volume fraction cp, a correlation factor f((p) expressed empirically by the linear 
relation : f(cp) =1+ CBcp is added in equation [3.18]. The effect of volume fraction 
was found negligible for cp < 0.015 and linear for cp > 0.15 (Sprow, F. B. (1967); 
Mlynek, Y. and Resnick, W. (1972) and Coulaloglou, C. A. and Tavlarides, L. L. 
(1977)). 
When the drop diameter is smaller than v (d < 11), drop breakage is due to viscous 
shear forces. According to Taylor, G. I. (1934), the breakup of the drops under these 
conditions is primarily a function of the Weber number. At critical conditions we 
have : 
Wecrit. = µ, (au/ar) (d/6) =f(µdIµc) [3.19] 
Where µd and µ, are the viscosities of the dispersed and the continuous phase 
respectively. Using the relation of local isotropy : 
(aular)2 = 2E/15v 
Shinnar, R. (1961) derived the following equation : 
dmax = C9(CFVc/24 
c)£ll2f(µdI µc) 
[3.20 
Thus : 
dmax = CIo6(v1c/2! µc)N-3/2D-lf(µd'µO [3.21] 
Where v is the kinematic viscosity and µ the viscosity. 
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3.1.3.2 - Minimum stable drop sizes in isotropic turbulence : 
When the fraction of dispersed phase in a stirred vessel is sufficiently large, 
coalescence becomes significant and cannot be neglected. The rate of coalescence 
of the droplets will depend on the turbulence intensity as well as the physical 
properties of the constituents of the system. By assuming that there is an adhesive 
force, which tends to hold two colliding droplets together., Shinnar, R. (1960), 
proposed that there is a minimum drop diameter (d,,,; n) 
below which the turbulent 
energy input (E) into a droplet pair is insufficient to overcome the adhesion energy 
barrier (Ea). Both forces are assumed to be a function of the droplet diameter. When 
the two colliding droplets are of equal diameter (d) and separated by a distance ho, 
he found that : 
Ea =A (h0)d [3.22] 
Where A(ho) is a constant (ho being the smallest distance between the two droplets). 
Thus, the minimum droplet size (dm; n) will 
depend on the ratio of the turbulent 
fluctuation energy (Et) to the adhesion energy (Ea). The turbulent fluctuation energy 
is proportional to pu2(d)d3. When Ea > Et coalescence of the droplets occur and d,,,;,, 
is determined by : 
E, 
_ 
C11pcu2(d)dmin 
_ 
C11Pcu2(d)dmin 
Eü A (h(, )d A (h0) = constant 
[3.23] 
For locally isotropic system and d» 11 we have : 
u2(d) = C(Ed)213 
(see equation [3.8]). Thus : 
2/3 8/3 C12PcE dmin 
= C'13c£2 
3 8/3 
A (h0) 
dmin 
- constant 
[3.241 
Introducing equation [3.13] into equation [3.24] we obtain : 
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CIAN2D4/3'81 3= constant [3.25] m 
Hence : dmm - C151-' r1c-318N-3/4D-"2 [3.26] - 
When dm; 
n < 11 
(the force preventing coalescence is the viscous shear force), Sprow, 
F. B. (1967b) presented the critical ratio which determines if the two drops will 
coalesce as follow : 
(µJua2)IF = contant [3.27] 
Where Vu is the local gradient and F the adhesion force. Sprow, F. B. (1967b) found, 
from dimensional analysis that : 
VU = C1661/2vc 1/2 [3.28] 
By substituting equation [3.28] in equation [3.27], we obtain : 
1/2'I-1/2 1/4t-1/4 dmin C17F 
F"c 
Vc 
dmin Ci8F 1"2µ 2vcAN-3/4D-1n_ [3.29] 
3.1.3.3 - Simultaneous break-up and coalescence : 
Although the detailed analysis of the role of turbulence intensity in liquid-liquid 
dispersions in subsections 3.1.3.1 and 3.1.3.2 is important, the practical reality is 
more complex. The drop size and size distributions in an agitated liquid-liquid 
dispersion is, in practice, determined by both break-up and coalescence, as they occur 
simultaneously. Church, J. M. and Shinnar, R. (1961) represented graphically the 
effects of turbulence intensity and drop diameter on the stability of a dispersion (see 
Fig - 3.2 -). They used equation [3.15] (break-up equation (dmax)) and [3.29] 
(coalescence equation (dm; n)) as well as an equation 
for droplet suspension (dmw 
N6 ) to determine the area of droplet stability. Thus, to have a turbulence stabilised 
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dispersion the droplets must be larger than dm; n 
(coalescence) and smaller than both 
dma, (break-up) and dm (suspension). dm (suspension) was determined from the 
relation : 
dmýY = C19£2 
PC 
3 
f($) [3.30] 
Pd - Pc g 
Where f(cp) is an empirical function and cp the volume fraction of the dispersed phase. 
Equation t< 
suspensio 
droplets 
(dmax -N 
v 
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J 
Log N( Stirrer speed) 
Fig - 3.2 - Graphical representation of theoretical equations 
for break-up, coalescence 
and suspension of droplets in a stirred tank. [after Clark, M. (1982)] 
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3.1.4 - Drop size measurements : 
The accurate determination of the interfacial area as well as the drop size and size 
distributions are of major importance in liquid-liquid dispersion. Experimental 
methods and techniques used to describe the latter parameters have been summarised 
by Tavlarides, L. L. and Stamatoudis, M. (1981). In this subsection, summaries of 
the main techniques and experimental methods are presented. There are two main 
group of methods, used to determine the interfacial area and the drop size. The 
indirect methods can determine the interfacial area (A) and the Sauter mean diameter 
(d32), while the direct methods determine the drop size and size distribution. 
Depending on the end-use of the liquid-liquid dispersion process, the drop size may 
be determined either by using the arithmetic mean drop diameter (dm) obtained from 
the equation : 
d,,, 
JNjd; 
Y, N; 
[3.31] 
Or from the Sauter mean diameter (volume to surface) obtained from the equation: 
I N`d` 
d [3.32] 32 Ni` 
Where Ni is the frequency of drops in the size range d, and dt+,, and di is the average 
diameter in the interval i to i+1 and is calculated as : 
dý _ (d; +d; +, 
)/2 
The interfacial area per unit volume A is related to the Sauter mean diameter (d32) 
and the volume fraction of the dispersed phase cp through the equation : 
6 
A= 
d3, 
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3.1.4.1 - Indirect methods : 
a) - Light transmittance : 
This method is based on the fact that when a parallel beam of light is passed 
through a liquid-liquid dispersion only a fraction of it is transmitted because of 
scattering. An expression has been developed by Calderbank, P. H. (1958) relating 
the amount of light transmittance to the total interfacial area. He assumed that the 
drops were uniform and found that : 
RIO = exp[-1/4(A. l)/4] [3.33] 
Where Io is the amount of incident light, I the amount of light transmitted, I is the 
length of the optical path and A the interfacial area per unit volume. This method 
does not affect the system being measured. 
b) - Chemical method : 
This method involves the diffusion of a reactant A* from the dispersed phase into 
the continuous phase, where the reaction occurs. The concentration of the reactant 
A* in the dispersed phase is relatively unchanged. The reaction is assumed fast 
enough to keep the concentration of A* in the continuous phase negligible, but not 
fast enough for any amount ofA * to react at the interface. Using the latter assumptions 
and conditions, Dankwerts, P. V. (1951) derived a relation for a first or pseudo-first 
order reaction 
RA =ACA. 
(DA*K' +KL)1/2 [3.34] 
where RA is the rate of extraction per unit area, A is the interfacial area per unit 
volume of dispersion, DA * is the diffusion coefficient of A* in the continuous phase, 
K' the reaction rate constant and KL the continuous phase mass transfer coefficient. 
This method affects the interfacial area, as the mass transfer through the interface 
changes the physico-chemical properties of the dispersion. 
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3.1.4.2 - Direct methods : 
a) - Sample withdrawal : 
This method is relatively easy to perform but the coalescence during sampling 
has to be inhibited. To avoid coalescence two types of measuring techniques are 
usually used. The first one is to use an interfacial polymerisation in order to 
encapsulate the drops (Mlynek, Y. and Resnick, W. (1972)). The drop size and size 
distribution are then obtained by photomicrography. This method has the 
disadvantage that a reactant has to be added to the dispersed phase before making 
the dispersion. This can affect the interfacial tension and the coalescence frequency. 
The second method is based upon stabilisation of a sample or of the entire mixture 
by adding a surface active agent (i. e. partially hydrolysed poly(vinyl acetate), 
hydroxypropyl methyl cellulose, .. 
). Samples are then analysed by photography or 
photomicrography. Ross, S. L. et al. (1977,1978) designed a photometer assembly 
to measure both the drop size and the dye concentration of the drops by forcing a 
stabilised dispersion through a capillary tube (see Fig- 3.3 -). This method is suitable 
for stabilised dispersions, as is the case for suspension and emulsion polymerisation. 
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Fig - 3.3 - Microscope assembly for drop size and concentration measurements [after 
Verhoff, F. H (1969)]. 
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b) - In situ measurements : 
This method gives measurements of the dispersion without disturbing its dynamic 
conditions. The photo-probes used are designed in a manner to minimise the effect 
on the dispersion. They use mainly the high speed cinephotography or photography 
with a short duration flash (1 - 100 µsec. ) in order to be able to "freeze" the drop 
motion. A photomicrographic. probe assembly was used by Coulaloglou, C. A. and 
Tavlarides, L. L. (1976) to measure the drop size and size distributions at various 
depths in the mixing vessel (see Fig - 3.4 -). They analysed dispersions with a volume 
fraction of the dispersed phase of up to 0.15. Park, J. Y. and Blair, L. M. (1975) 
designed a fibre optic probe assembly (shown in Fig - 3.5 -). The probe was 
constructed of two 1/8 inch diameter fibre optic conduits which transfer a coherent 
image from one face to the other. One conduit served to transmit light to the 4 mm 
gap between the submerged faces of the conduits, and the other transmitted the drop 
dispersion image to its external face, upon which the camera was focussed. Through 
this probe they measured the drop size by using high-speed cinephotography. Some 
other workers have taken photographs through a window of the vessel (Chen, H. T. 
and Middleman, S. (1967); Collins, S. B. and Knudsen, J. G. (1970) and Calabrese, 
R. V. et al. (1986)). This technique cannot be used for high phase fraction because 
of the interference of the drops with the optical path. 
3.1.5 - Analysis of drop breakage and coalescence in liquid-liquid dispersion 
using mathematical models : 
The drop size distribution of a liquid-liquid dispersion is mainly determined by 
its dynamic behaviour and, thus, by the breakage and coalescence processes. When 
the dynamic character of breakage and coalescence is formulated, it is possible to 
predict the drop size distribution using the population balance method. Several 
models have been developed by scientists in order to describe the behaviour of 
liquid-liquid dispersions in agitated vessels. Because of the complexity of the latter 
systems, the models developed represent only a relatively simple approach as many 
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Fig - 3.4 - Photomicrographic probe assembly [after Coulaloglou, C. A. (1975)]. 
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Fig - 3.5 - Fibre optic probe assembly [after Park, J. Y. and Blair, L. M. (1975)]. 
assumptions are initially made to simplify the model. A population balance equation 
employed to describe the temporal and steady state behaviour of the droplet size 
distribution is given by Stamatoudis, M. and Tavlarides, L. L. (1985) as : 
V 
r (v' a /v' v' v dv' + F(v - v', v')dv =rv+ J 
mý 
bl 
ýl )N(ýý 
i) JOv`ý l bý 
) 
rvmax d [N(t)A (v)] 
Jo F(v, v')dv' + dt [3.35] 
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Where rb(v) is the number of drops of size v breaking per unit volume of dispersion 
per unit time. F(v, v') dv' is the number of pairs of drops of size v and v' coalescing 
per unit volume of dispersion per unit time. X(v') is the number of daughter particles 
resulting from a breakage of a drop of volume V. ß(v', v) dv is the fraction of droplets 
with volume v formed by the breakage of a drop of volume V. A(v) dv is the volume 
of the drops of size v. N(t) is the number of drops of all sizes per unit volume at time 
t and v,,, is the maximum drop size present in the dispersion. 
The terms on the left hand side represent the contribution of drop volume v by 
breakage of larger drops and by coalescence of smaller drops, respectively. The first 
two terms on the right hand side represent the loss of drops of size v due to breakage 
and to coalescence with other drops. The last term on the right hand side is the 
accumulation term. The drop breakage rate function rb(v) depends on the surface 
tension and on the hydrodynamic field outside the drops. The drop coalescence rate 
F(v, v'), also, depends on the turbulence conditions as well as the coalescence 
efficiency between colliding drops. The population balance approach has a 
significant advantage as it is possible to include in the model details relative to 
breakage and coalescence processes in terms of physical parameters and operating 
conditions. Fig - 3.6 - shows the favorable agreement between experimental 
observation and the population balance model used by Coulaloglou, C. A. and 
Tavlarides, L. L. (1977) which resulted in a unimodal distribution. On the other hand 
Chatzi, E. G. et al. (1989) used the population balance equation but introduced a new 
breakage distribution function which considers droplet broken into two daughter and 
several satellite droplets. as a result, they obtained bimodal diameter density 
distributions. Fig - 3.7 - shows that the proposed model has the ability to fit reasonably 
well a series of experimental data obtained for low coalescence system (volume 
fraction = 0.02). Fig - 3.6 - and - 3.7 - confirm what was said above about the 
versatility of the population balance equation. Despite all what has been said earlier 
there is still no complete model which can be valid for all liquid-liquid dispersion 
systems, and scientists are still at the stage of modeling one system at a time. 
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Fig - 3.6 - Theoretical size distribution and experimental histograms : impeller region 
(solid line), circulation region (dashed line), N* = 310 rpm, tp = 0.10, d32 = 255 µm 
(experiment) versus 250 µm (calculation). [from Coulaloglou. C. A. and Tavlarides, 
L. L. (1977)]. 
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Fig - 3.7 - Theoretical and experimental diameter density distributions, plotted as a 
function of droplet diameter for impeller speeds of 200 and 300 rpm, at 25 °C, and 
for dispersed phase hold-up fraction 0.02. [from Chatzi, E. G. et al. (1989)] 
3.1.6 - Interfacial properties of a liquid-liquid dispersion : 
An interface is generally defined as the boundary zone between any two phases. 
In macroscopic terms it is usually assumed that the two phases are immiscible or 
mutually saturated. The interface is characterised by an interfacial free energy, which 
is the minimum amount of work required to create that interface. The interfacial free 
energy per unit area represents the interfacial tension between two phases. When 
one liquid phase is dispersed in a second immiscible phase a dispersion is formed 
and the interfacial area is significantly increased. This increase in the interfacial area 
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results in a correspondingly large increase in the interfacial free energy of the system. 
Thus, the dispersion becomes highly unstable thermodynamically, compared to the 
state of minimum interfacial area (i. e flat interface). It is therefore important to 
reduce the interfacial free energy if a stable dispersion is required. This can be 
achieved by adding a surface active agent that adsorbs at the liquid-liquid interface 
and, thus, reduces both the interfacial free energy and the interfacial tension. The 
surface active agent , which adsorbs as an oriented interfacial film, forms a 
mechanical, steric or electrical barrier around the dispersed droplets and prevents 
their coalescence (Rosen, M. J. (1989)). The mechanical barrier prevents the drops 
from coalescing during collision, while the steric and electrical barriers inhibit the 
close approach of one drop to another. Thus, the total interaction energy between 
the droplets can be written as (Ottewill, R. H. (1967)) : 
w 
total 
w 
electrostatic 
+ wvan 
der waals 
AGsteric [3.36] 
Where OGerectrostatjc is due to electrostatic forces of repulsion; AGvu der walls 
is an 
attraction due to the van der waals forces, and AGS1eric is a repulsion force due to the 
steric effects. Usually, when a nonionic stabiliser is present in the continuous phase 
the repulsion forces due to steric effects AGster« considerably outweigh the other two 
forces. 
3.1.6.1 - Interfacial tension : 
The interfacial tension of immiscible liquids is less than the larger of the surface 
tensions of the component liquids. If the two liquids are mutually saturated, a 
quantitative prediction maybe made using Antonoff's rule (Perry, R. H. (1973)). The 
latter states that the interfacial tension is equal to the difference between the 
individual surface tensions of the two mutually saturated phases under a common 
vapor or gas : 
6c/d = 16c - ßdl [3.37] 
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Where : 6c d is the interfacial tension at the interface of the dispersion. 
6d is the surface tension of the dispersed phase (saturated with the 
continuous phase) against the common vapor or gas. 
and 6c is the surface tension of the continuous phase (saturated with the 
dispersed phase) against the common vapor or gas. 
The measurement of the interfacial tension can be achieved by several methods (i. e 
Du Nouy's method, the drop volume method, the Wilhelmy plate method, the pendant 
drop method, the spinning drop method, .. 
). A detailed presentation of the different 
methods is presented by Tadros, T. F. (1983). 
3.1.6.2 - Interfacial adsorption of surface active agent : 
One of the main characteristics of a surface active agent is its ability to adsorb at 
the interface in an oriented manner. The efficiency of the adsorbed surface active 
agent is determined by it s interfacial concentration, orientation and the energy 
changes in the system. Surface active agents are usually either of an ionic type 
(sodium dodecyl sulfate(anionic), ethylhexadecyldimethyl ammonium bromide 
(cationic)) or of a nonionic polymer type (hydroxypropylmethylcellulose (HPMC), 
partially hydrolysed poly(vinyl acetate)) or finely divided inorganic solids 
(magnesium hydroxide). Nonionic surface active agents contain a polar hydrophilic 
chain group and a non-polar lipophilic head. When these molecules migrate to the 
interface, they orientate and adsorb to the interface according to their molecular 
structure. 
For low surface active agent concentrations, the effect of interfacial adsorption on 
the interfacial tension is governed by Gibbs adsoption equation : 
F= 
RTd(lnC) 
[3.38] 
Where F is the amount of surface active agent per unit area of interface in excess of 
that present in the bulk solution; C is the concentration of the surface active agent 
in the solution; R is the gas constant ;T is the absolute temperature (°K) and 6 the 
interfacial tension. 
When macromolecules are used as surface active agents, the homopolymers or 
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copolymers partition themselves between the two liquid phases as shown in Fig -3.8-. 
The interfacial layer is the region of thickness b. In the case of macromolecules, the 
adsorption does not concern the whole molecule but just segments of it. Also, the 
adsorption of macromolecules is usually irreversible. 
00 0 0 Y . Y.. 
- 00 00 
000. 
000 000 0 
00 000 0 
5 0o cýo . 00 000 0 See "0" e" 
" 0000000** 1 
;""1ý a1 P 
p 
S 
a 
Fig - 3.8 - Typical conformation of a homopolymer chain adsorbed at a liquid 
((x)/liquid (ß) interface [after Tadros, T. F. (1983)] 
3.2 - Mixing tank as a batch reactor : 
There are various types of equipment for drop generation; among them are spray 
nozzles, atomizers and mixers. The latter is the most used in liquid-liquid dispersion 
systems. Mechanical agitation in the chemical industry is performed in a mixing 
tank. The mixing performance is highly affected by the vessel geometry and 
dimensions, type and dimensions of the mixing impeller as well as the baffles. The 
details related to the main mechanical features of each type of equipment and the 
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range of their operating duties were discussed by Nagata, S. (1975), Oldshue, J. Y. 
(1983) and Harnby, N. et al. (1992). A typical arrangement for a mechanically 
agitated vessel is shown in Fig - 3.9 - 
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Fig - 3.9 - Typical arrangement for a mechanically agitated vessel [after Harnby, N. 
et al. (1992)]. 
The "standard" geometry vessel presented in the latter figure is widely used for 
liquid-liquid dispersions especially for research purposes. The vessel is a vertically 
mounted cylindrical tank which typically will be filled to a depth equal to about one 
tank diameter when running full. Its diameter ranges from 0.1 m (laboratory unit) 
up to 10 m in large industrial instalations. The base of the tank may be flat, dished 
or conical depending on its end use. The tank may, also, be fitted with a water jacket 
or an internal coil as a heating or cooling system. Four equally spaced baffles, which 
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motor/gearbox 
are usually 1/10 the tank diameter, may also be used to prevent gross vortexing 
behaviour. They are usually flush mounted with the wall, although sometimes a small 
clearance is left between the baffle and the wall. They are not generally required for 
high viscosity liquids. Fig - 3.10 - shows the typical geometry for some of the basic 
types of impellers. There are usually mounted on a central vertical shaft inside the 
tank and their range of application depends mainly on the viscosity of the liquid 
system (see Table - 3.2 -). 
plan view 
A) Three-bladed propeller 
C) Simple paddle 
B) Six-bladed disc turbine 
D) Anchor impeller 
Fig - 3.10 - Typical geometry of some of the basic types of impellers [after Harnby, 
N. (1992)]. 
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Table - 3.2 - Range of application of impellers with relation to viscosity. 
Impeller type Viscosity kg/msec. 
Propeller <2 
Turbine <50 
Paddle < 1000 
Anchor Higher viscosity 
3.3 - Physical properties of a batch liquid-liquid dispersion : 
Among the factors governing the characteristics of a liquid-liquid dispersion are the 
physical properties of the system. These are mainly the density, the viscosity and 
the interfacial tension as they are used in the determination of the dimensionless 
parameters characterising the dispersion such as the Reynolds number and the Weber 
number. When two immiscible liquids are mixed, there is a formation of a continuous 
phase and a dispersed phase. The average density of the system is determined using 
the arithmetic density average, which is defined as : 
Pm =( ' ON 1- O)Pc [3.39] 
Where pm is the average density of the mixture. 
Pd is the density of the dispersed phase. 
p, is the density of the continuous phase. 
and cp the volume fraction of the dispersed phase. 
The average dispersion viscosity was obtained by Vermulen, T. et al. (1955) as : 
µ, n = 
µ, 
1+1.5+ aý) [3.40] 
1+$ (t µ 
Where Jim is the average dispersion viscosity of the mixture. 
p is the viscosity of the continuous phase. 
and µd is the viscosity of the dispersed phase. 
The determination of the interfacial tension was defined earlier in subsection 
[3.1.6.1]. 
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3.4 - Heterogeneous polymerisation processes : 
The production of polymer products, in addition to being the largest, is the most 
complex industrial activity involving chemicals. This industry uses a wide variety 
of monomer and additive combinations in order to provide a wider range of polymer 
products. Thus, changes in the polymerisation process and production technology 
continue to occur and depend on the end use of the final product. 
Heterogeneous polymerisation may be carried out with the monomer alone (bulk), 
in a solvent (solution), in an emulsion in water (emulsion), or in droplets suspended 
in water (suspension), each one behaving as an individual bulk polymerisation 
reactor. All four methods are commercially applied to radical initiated chain 
polymers such as polystyrene and poly(vinyl chloride). Polymerisations are also 
classified as homogeneous or heterogeneous depending on the solubility of the 
reactants and products. This sub-section represents a brief survey of the main 
polymerisation processes and their application to vinyl chloride polymerisation. 
More attention is focussed on the suspension polymerisation process. 
3.4.1 - Bulk (mass) polymerisation : 
In bulk polymerisation (also called mass polymerisation), monomer, initiator and 
polymer are the main components. The charge is predominantly monomer with small 
amounts of additives. Although the polymerisation initiator is soluble in the 
monomer, for many bulk polymerisations, an insoluble solid catalyst may be used 
in some cases, such as in the gas phase polymerisation of ethylene to produce high 
density polyethylene (HDPE). This process is the most volume efficient and gives 
a pure final product but the control of the heat evolution is a particular problem. 
Monomers such as ethylene and vinyl chloride have high heats of polymerisation 
and the exotherm accompanying the polymerisation can also be accompanied by a 
rapid increase in viscosity as the polymer content rises. Thus, in a number of bulk 
polymerisations the reactor contents may be transferred to a second vessel (at low 
conversion =8- 20 %) either to complete the conversion (as in the case of vinyl 
chloride or to recover and recycle the unreacted monomer. When the polymer is 
insoluble in its monomer, such as in the case of poly(vinyl chloride) a slurry of 
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polymer and monomer is formed in the reaction mixture. The commercial 
polymerisation process is carried out between 40 and 70 °C using the Pechiney-st. 
gobain two step process. The first step takes place in the prepolymeriser (8 - 25 m3 
capacity) and takes the product to 7- 12 % conversion. The second step takes place 
in the polymeriser (12 - 50 m3 capacity) and takes the product to 70 -90 % conversion. 
Fig - 3.11 - shows the equipment for two-step bulk polymerisation of vinyl chloride. 
The prepolymeriser is a vertical stainless steel autoclave with a water cooled jacket, 
a condenser, a four bladed flat turbine agitator and baffles. The first step usually 
takes about 30 minutes and is terminated by initiator exhaustion, thus, short half life 
Pre 
Fig - 3.11 - Equipment for two-step bulk polymerisation of vinyl chloride [after 
Schildknecht, C. E. (1977)] 
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initiators should be used (i. e peroxydicarbonates, acetyl cyclohexane, ... ). The second 
step polymerisation takes between 3 and 9 hours. The polymeriser is a horizontal 
jacketed vessel with one or more condensers. The slurry is agitated slowly (= 6- 10 
rpm) using a ribbon mixer. Because of the difficulties encountered in the discharge 
of the reactor, a new vertically designed reactor was developed in 1978 by ATO. 
The general layout of ATO's 50 m3 capacity vertical reactor is shown in Fig -3.12-. 
Fig - 3.12 - General layout of ATO 50 m3 vertical reactor : 1, reactor shell and jacket; 
2, upper screw agitator; 3, lower anchor agitator; 4, reflux condenser; 5, degassing 
filter; 6, maximum PVC resin level; 7, discharge valve; 8, manhole; 9, packing seal 
[after Burgess, R. H. (1982)]. 
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Because of volume efficiency, reduction of contaminants and reduction of expensive 
equipment for solvent removal, recovery and purification, the use of bulk 
polymerisation process is expanding despite the technological difficulties in 
removing the heat and mixing the high viscosity mixture. 
3.4.2 - Solution polymerisation : 
In the solution polymerisation process a solvent for the monomer and (usually) 
the polymer is used. The main advantage of a solvent is to take the heat of 
polymerisation and reduce the viscosity of the polymerisation system. This process 
is often avoided unless there are outstanding advantages compared to the other three 
processes because of the costs of removing and recovering the solvent. The solution 
polymerisation process is advantageous when the final solution can be used without 
separating the polymer such as in the manufacture of protective coatings and in the 
textile industry (by converting the polymer solution into a dope for spinning fibres). 
When the solvent is not totally inert, it can influence the polymerisation reaction 
rate, the molecular weight of the polymer and the degree of polymerisation. In some 
cases the initiator or polymer product are not miscible in the monomer-solvent 
solution. In this case we might have the following combinations (Rodrigez, F. 
(1989)): 
Combination 1 2 3 4 
Monomer and diluent Soluble Soluble Soluble Soluble 
initiator Soluble Insoluble Insoluble Soluble 
polymer Soluble Soluble Insoluble Insoluble 
In most cases, for a solution polymerisation process, a conventional glass-lined or 
stainless steel reactor is suitable for batch operations. 
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3.4.3 - Emulsion polymerisation : 
Emulsion polymerisation is a reaction technique which is used to produce polymer 
colloids. Emulsion polymers are used in aqueous paints, adhesives and additives for 
coatings (for textiles, paper and leather). The main components of an emulsion 
polymerisation system are monomer, a surface active agent (surfactant), a water 
soluble initiator and demineralised water. Drops of monomer are dispersed in the 
aqueous surfactant solution, the subsequent generation of free radicals in the aqueous 
phase results in the production of small polymer-containing particles which are 
usually the main locus of polymerisation (see Fig - 3.13 -). The surfactant is used in 
relatively large quantities so that it exceeds the "critical micelle concentration" and 
exists in the water phase as micelles. The latter are aggregates of surfactant molecules 
so arranged that their hydrophilic ends form an outer surface adjacent to the water 
and their hydrophobic ends gather together at the inside of the micelle. The initial 
monomer drops eventually disappear and the final product is an aqueous dispersion 
of very small polymer particles (0.005 to 5 µm). The relatively low viscosity of the 
reaction media facilitates rapid heat transfer and easy product handling. 
In vinyl chloride emulsion polymerisation, the reaction is carried out in stirred 
autoclaves fitted with cooling jackets to remove the heat of polymerisation. The 
temperature of the reaction mixture is kept constant with great accuracy because it 
determines the quality of the PVC product. The polymerisation process lasts between 
6 and 9 hours. During this time the autoclave content is constantly stirred. The 
reaction is terminated when about 90 % of the vinyl chloride monomer have been 
converted. A recipe for a simple batch emulsion polymerisation is shown in table - 
3.3 -. Ammonium persulfate is the free radical initiator and sodium stearate acts as 
micelle-generating substance (surfactant). The PVC lattices produced are spherical 
and have a particle size range of 0.1 - 3.0 µm. 
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Fig - 3.13 - Schematic representation of the mechanism of emulsion polymerisation 
[After Gellner, 0. (1966)]. 
Table - 3.3 - Recipe for poly(vinyl chloride) batch emulsion polymerisation'. 
Ingredient phmb 
Demineralised water 140 
Vinyl chloride 100 
Stearic acid 0.8 
Sodium hydroxide 0.12 
Ammonium persulfate 0.12 
a polymerisation temperature 52 °C 
b part per hundred of monomer 
Although using an emulsion allows faster rates of reaction at lower temperature than 
other processes, the residual surfactant contaminates the polymer and makes it more 
sensitive to heat and shear stress. 
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3.4.4 - Suspension polymerisation : 
The term suspension polymerisation refers to a system in which the 
water-immiscible liquid monomer is suspended as droplets in a continuous phase, 
usually demineralised water, and polymerised. Vigourous agitation is used to 
disperse the monomer in the form of droplets and keep the small solid particles of 
polymer suspended in the continuous phase. Suspension polymerisation requires 
small amounts of substances that hinder the coalescence of the monomer droplets 
and sticking together of polymer particles during the course of polymerisation. They 
are generally called suspension stabilisers or suspending agents. Polymerisation is 
generally started by heating the suspension up to the temperature at which the initiator 
decomposes. The initiator is soluble in the monomer droplets but insoluble in the 
continuous phase. Thus, polymerisation is initiated inside the monomer droplets and 
proceeds as a miniature bulk reaction. Usually, the droplets are slowly converted 
from a highly mobile liquid state, through a sticky syrup-like dispersion (conversion 
20-60 %), to hard solid polymer particles (conversion > 70 %) (Glulke, E. A. (1985)). 
The main steps of a typical suspension polymerisation process are 
- The preparation of suspending agents, buffers, and initiators. 
- Formation of the monomer suspension droplets 
in the continuous phase. 
- Initiation and polymerisation. 
- Monomer recovery. 
- Dewatering. 
- Powder storage. 
The details of the latter operations may vary according to the type of polymer 
produced. Because of the spherical shape of the polymer particles, suspension 
polymerisation is sometimes called bead or pearl polymerisation. There are three 
types of suspension polymerisation processes (Yuan, H. G. et al. (1991)) 
a)- Bead (or pearl) suspension polymerisation : 
In this case the monomer dissolves its polymer. The monomer droplets pass through 
a viscous syrupy state and are transformed to clear little solid spheres. An example 
of this type of polymer is polystyrene. 
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b)- Mass suspension polymerisation : 
This is a two stage process. In the first stage a rubber (i. e. polybutadiene) is dissolved 
in the grafting liquid monomer mixture. The mixture is initially polymerised in a 
bulk process and when the conversion reaches 25-30 %, the reaction mixture is 
transferred to a suspension reactor filled with water containing stabiliser. The 
reaction proceeds until the desired conversion is reached. An example of this process 
is the production of ABS resin (acrylonitrile-butadiene-styrene). 
c)- Powder suspension polymerisation : 
In this case the polymer is not soluble in its monomer and a bulk precipitation 
polymerisation occurs in each droplet. The final polymer grains formed are opaque 
and irregular in shape. An example of this process is the production of suspension 
Poly(vinyl chloride) [details on the morphological aspect of this process are discussed 
in the next section]. 
Diameters of the suspension droplets are, usually, in the range 50 - 2000 µm, while 
the final polymer particles are usually 150 - 5000 µm in diameter. The size of the 
monomer droplets and size, porosity, and bulk density of the polymer particles can 
be affected by the water: monomer ratio, type of initiator, nature and concentration 
of the stabiliser(s), agitation, and temperature of the polymerisation. 
3.4.4.1 - Advantages and disadvantages of the suspension polymerisation 
process 
Suspension polymerisation has a number of advantages over other polymerisation 
processes (bulk, solution, and emulsion) : 
- The overall viscosity of the suspension is relatively low, thus, efficient agitation 
is possible. 
- Easy heat removal and temperature control. 
- Low levels of impurities in the polymer product (compared with emulsion). 
- If the polymer product is required as a powder then the suspension process is suitable 
because the energy required to disperse the monomer droplets is less than the energy 
required to break up the finished polymer (compared with bulk). 
On the other hand, the disadvantages of the suspension polymerisation process are: 
- Polymer build-up on the reactor wall, baffles, agitators and other surfaces. 
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- Suspension polymerisation usually requires larger reactor volumes than bulk 
processes because the vessel contains about 50 % water. 
- Waste water problems (compared with bulk). 
3.4.4.2 - Vinyl chloride suspension polymerisation process : 
The suspension polymerisation process is presently used for the commercial 
production of approximately 80 % of the world's PVC. This process is carried out 
batchwise, mostly in stainless steel reactors having highly polished internal surfaces. 
Conventional flat-blade or turbine-type impellers are used. The size of the stirred 
jacketed reactors have increased progressively over the years in the range 10 - 200 
m3. The polymerisation of vinyl chloride is a very exothermic reaction and so the 
ability to remove heat is very important. This problem is often overcome by the 
fitting of a reflux condenser. 
Vinyl chloride which boils at -13.4 °C at atmospheric pressure, is polymerised, under 
pressure, by suspending it as liquid droplets (about 40 tm in diameter) in a continuous 
water phase by a combination of vigorous agitation and the presence of a protective 
colloid. Usually the protective colloid used is a water soluble polymer such as 
cellulose derivatives and poly(vinyl alcohols) with relatively high acetate contents. 
(see table - 3.4 -). The continuous phase is used as a heat transfer medium and also 
to avoid a rapid increase of the overall viscosity with conversion. A monomer-soluble 
free radical initiator is used to initiate the polymerisation reaction inside the vinyl 
chloride droplets which behave as mini "bulk" reactors (see table - 3.5 -). A typical 
vinyl chloride suspension polymerisation recipe is shown in table - 3.6 -. The 
polymerisation takes place at 50 - 75 °C and lasts between 250 and 600 minutes 
depending on the end use of the final product. The pressure inside the autoclave is 
about 7- 13 atmospheres, depending on the reaction temperature. At about 70 % 
conversion all the free liquid monomer is used up (the remaining 30 % is swollen 
by the polymer particles), thus, the pressure inside the reactor starts to fall. The 
polymerisation reaction is then terminated at the required conversion (70 - 95 %). 
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Table - 3.4 - Primary protective colloids used in the suspension polymerisation of 
vinyl chloride. 
Chemical type Trade name Degree of hydrolysis 
Partially hydrolysed poly(vinyl acetates) Gohsenol KPO8 71 - 75 
Partially hydrolysed poly(vinyl acetates) Alcotex 72.5 71.5-73.5 
Partially hydrolysed poly(vinyl acetates) Alcotex 78 76 - 79 
Partially hydrolysed poly(vinyl acetates) Gohsenol KH-17 78.5-79.3 
Partially hydrolysed poly(vinyl acetates) Gohsenol GH-20 86.5 - 89 
Hydroxypropylmethylcellulose (HPMC) Methocel Cellulose ether 
Hydroxyethylcellulose (HEC) Cellosize Cellulose ether 
Methylcellulose (MC) Methocel A Cellulose ether 
Table - 3.5 - Initiators for PVC suspension or mass polymerisation. 
Name Supplied form t112 , 
°C' 
10 hours 1 hour 6 minutes 
acetylcyclohexane sulphonyl peroxide solution 37 51 66 
Dilauroyl peroxide solid 62 80 99 
bis(4-t-butyl cyclohexyl) peroxydicarbonate solid 43 60 78 
azobisisobutyronitrile (AIBN) solid 59 79 101 
a temperature at which t1,2 = 10 h, 1 h, or 6 min. 
Table - 3.6 - Typical suspension polymerisation recipe. 
Ingredient VCMa, wt % 
water 100 - 130 
VCM 100 
protective colloid(s) 0.05-0.15 
initiator 0.03-0.07 
a all % ratios are relative to VCM 
Fig - 3.14 - shows a reaction profile of a typical vinyl chloride suspension 
polymerisation. The postpolymerisation operations include the venting of the 
unreacted monomer, the steam stripping to remove the residual monomer (about 3 
% of unreacted monomer), recovery of resin by centrifugation and washing , and 
drying. Fig - 3.15 - shows a PVC production plant using the suspension 
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polymerisation process. The final PVC grains are about 100 - 180 um in diameter 
but the exact diameter depends on the suspending agent type(s) and concentration 
(s) as well as the turbulence intensity. Agitation is of fundamental importance in the 
suspension PVC process. Together with the suspending agent system it governs the 
stability of the suspension during polymerisation as well as the particle size and 
particle porosity (the morphological aspect is described in the next section). Thus, 
it is important to control the agitation to produce the type of particles desired. It is 
well known that high agitation speeds as well as (relatively) low agitation speeds 
usually favor agglomeration of the formed particles. Thus, there is an optimum speed 
which depends mainly on the reactor (this includes agitator and baffles) type, size, 
and geometry. This is illustrated in Fig - 3.16 - which shows that, as the stirrer speed 
increases, the grain size of the PVC particles first decrease to a minimum size before 
starting to increase. It also shows that by increasing the suspending agent 
concentration the PVC grain size decreases. 
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Fig - 3.14 - Reaction profile for a typical vinyl chloride suspension polymerisation 
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Fig - 3.16 - PVC resin median particle size vs agitator speed. Suspending agent per 
100 grams of vinyl chloride : A, 0.06 gram; B, 0.09 gram; C, 0.12 gram. [After 
Langsam, M. (1986)]. 
In the vinyl chloride suspension polymerisation process, two types of suspending 
agents are usually used. They are called the primary and the secondary stabilisers. 
Because of the demand for PVC particles with reduced residual VCM (vinyl chloride 
monomer) the primary stabiliser is chosen in a way that it controls the particle size 
and increases the porosity. Examples of this type of "primaries" are shown in Table 
- 3.4 -. Secondary stabilisers are used to further increase the porosity of the PVC 
grains. One example of this type of stabiliser is the use of poly(vinyl acetate) with 
relatively low degree of hydrolysis such as Polyvic S202 (50 % degree of hydrolysis) 
and Alcotex 55 (55% degree of hydrolysis). The effect of the degree of hydrolysis 
of partially hydrolysed poly(vinyl acetate) on the grain properties is shown in Fig 
-3.17-. 
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Fig - 3.17 - The effect of the degree of hydrolysis of poly(vinyl acetate) on PVC 
grain properties. (a) - grain porosity; (b) - mean grain size. [After Stephenson, R. C. 
and Smallwood, P. V. (1989)]. 
3.5 - Particle formation and properties in the suspension polymerisation of vinyl 
chloride : 
3.5.1 - Chemistry and kinetics of vinyl chloride suspension polymerisation : 
Poly(vinyl chloride) is prepared from the free radical addition polymerisation of 
vinyl chloride monomer. The polymerisation of VCM follows the same general 
reaction scheme as that obeyed by other monosubstituted ethylenes. The vinyl 
chloride molecule, p,. - --, na, a 
double bond, is activated so that the double bond 
opens and joins up with other similar molecules as seen below 
CH., =CH -º CIi., -C3I= 
Cl CI 
Vinyl chloride Poly(vinvl chloride) 
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Degree of hydrolysis, % 
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An important feature of vinyl chloride polymerisation is that the polymer (PVC) is 
virtually insoluble in its monomer (the equilibrium solubility of PVC in VCM being 
approximately 0.1 % wt. ) (Sidiropoulou, E. and Kiparissides, C. (1990)). Thus, once 
a polymer chain is formed (about 10 - 20 monomer units), it immediately precipitates 
and the polymerising system separates into two phases the polymer-rich phase and 
the monomer-rich phase. The kinetic mechanism of free-radical polymerisation of 
the vinyl chloride can be described by the following equations (Yuan, H. G. et al. 
(1991)) as : 
A) - Reaction in the liquid phase 
Initiation : It occurs as a result of the thermal decomposition of the initiator to produce 
free radicals . 
I k'` 21. [3.41] 
The rate of formation of radicals is given by : 
Rd:: - 2fkcl[I] [3.42] 
where [I] and [I] are the concentrations of the initiator and initiator radicals 
respectively and kd is the rate constant of initiator decomposition. 
With [I] = [Io] exp (-kdt). 
where f is the initiator efficiency factor, [Io] the initial concentration of initiator and 
t the reaction time. The constant kd is related to the half life of the initiator t12 by : 
1= 
loge 2 
k, j t2 
( fast) I' +M -> R, [3.44] 
The rate of initiation is given by : 
Rl = k; [M] [1] [3.45] 
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Where [M] is the concentration of VCM monomer and [R', ] is the concentration of 
the growing radicals of chain lenght 1. 
Propagation : It is a step process involving the addition of a polymer radical R',, to 
a molecule of monomer M. 
+M 
kp 
ý R, 
[3.461 R,, ýý 
The rate of propagation is given by : 
Rn = kn [R, '] 
[MI [3.47] 
Where kp is the rate constant for chain propagation and [R'] is the concentration of 
the growing radicals of chain length n. 
Chain transfer to monomer : It involves the transfer of the radicals from a growing 
chain ( eg, R') to the VCM monomer molecules. 
Rn +M 
ktr 
pn + R* [3.48] 
Where P, is the "dead" polymer and klr is the rate constant for chain transfer to 
monomer. 
The rate of transfer to monomer is given by : 
Rt. = k, r[R*1 
[M] [3.49] 
Termination : It can occur as a result of disproportionation or radical combination. 
Disproportionation is believed to be the dominant termination mechanism for VCM 
(Langsam, M. (1986)). 
RCH2CHC1. + R,,, CH2CHC1- RRCH=CHC1 + R,,, CH2CH2CI 
[3.50] k P R; ý , R, 
P,,. 
Where kt is the rate constant for termination by disproportionation. Thus, the rate of 
termination is given by : 
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Rt = k, [Rn] [R,,, ] [3.51] 
B)- Reaction in the polymer phase : 
Radical trapped in particle : 
I -ý (I) [3.52] 
Propagation : 
k',, 
(Rn)+M --- (Rn+, ) [3.53] 
The rate of propagation is given by : 
Rn = kp[R] [M] [3.54] 
Where k'n is the rate constant for chain propagation and [(R'n)] is the concentration 
of the trapped growing radicals of chain length n. 
Chain transfer to monomer: 
k'tr 
(Rn)+M->Pn+(R) [3.55] 
Where k'tr is the rate constant for chain transfer to monomer. 
The rate of transfer to monomer is given by : 
Rtr = ktr[(R; )] [M] [3.56] 
Escape into liquid phase : 
(R; ) -ý R; [3.57] 
Termination (disproportionation) : 
k', 
(R, ) + (R,; t) -> 
P,, + P,,, [3.581 
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Where k't is the rate constant for termination by disproportionation. 
The rate of termination is given by : 
Rt = kt [Rn] [R, ] [3.59] 
3.5.2 - Mechanism of poly(vinyl chloride) particle formation and its 
morphological aspects during suspension polymerisation : 
The process of suspension polymerisation of vinyl chloride is known to be typified 
by a particular morphological profile due to the formation of the so-called primary 
particles inside the vinyl chloride monomer droplets at the early stages of the 
polymerisation. The polymerisation mechanism is complicated by the fact that PVC 
is insoluble in its monomer. Thus, the polymer is progressively precipitated in its 
own monomer droplet. The different stages of particle formation (i. e nucleation, 
growth and aggregation) have been extensively studied by many scientists. They 
proposed schemes for the formation of the PVC grains as shown in Fig - 3.18 - and 
Fig-3.19-. 
The general mechanism of polymer formation in the vinyl chloride droplet can be 
devided into three main discrete stages (Kuchanov, S. I. and Bort, D. N. (1973); 
Ugelstad, J. et al. (1981) and Stephenson, R. C. and Smallwood, P. V. (1989)). During 
the first and third stage, the reaction mixture (inside the drop) consists of a single 
phase and is considered as a homogeneous polymerisation process. In the second 
stage, which is the longest, two phases are present simultaneously and the 
polymerisation is considered heterophase. In the first stage which takes place 
between 0 and 0.1 % conversion, the polymerisation occurs only in the monomer 
phase. Each initiator decomposition step produces two radicals which by transfer 
can generate up to 20 polymer chains each (Kiparissides, C. (1990)). After reaching 
a certain chain length (about 10 monomer units) the macroradical chains become 
insoluble and, thus, precipitate forming a colloidal suspension in the monomer. These 
macroradical coils aggregate rapidly to produce micro-domains (they are also called 
basic particles) containing about 50 molecules. During stage two which lasts up to 
70 % conversion, heterogeneous polymerisation takes place. Throughout this stage 
there exist two phases, a monomer swollen polymer phase and a relatively pure 
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Fig - 3.18 - Build-up of structure within the vinyl chloride droplet during 
polymerisation [After Smallwood, P. V. (1989)]. 
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Fig - 3.19 - Schematic representation of the mechamism of vinyl chloride 
polymerisation [After Allsopp, M. W. (1982)]. 
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monomer phase. The polymerisation occurs in both phases simultaneously and the 
particles formed during the first stage aggregate to form domains which then grow 
in size to become primary particles of 0.2 - 0.8 µm in size. These primary particles 
are believed to be electrostatically stabilised by negative charges. This charge was 
postulated to be due to the adsorption of chloride ions at the VCM / water interface 
(Davidson, J. A. and Witenhafer, D. E. (1980)). During the early stages the water 
soluble protective colloid, which adsorbs at the monomer / water interphase forms 
a thin "skin" to protect the droplets against coalescence. The "skin" is believed to be 
a graft copolymer of PVC and the suspending agent. Fig - 3.20 - and Fig - 3.21 - 
show the morphological changes of polymerising vinyl chloride droplets and the 
initial emulsification of a VCM droplet respectively. As the polymerisation proceeds 
further in the second stage, the primary particles grow in size by capture of newly 
formed micro-domains. When they reach a critical size the electrostatic forces 
become weak and the micro-domains agglomerate into closely packed clusters. As 
the polymerisation continues in both phases, the quantity of polymer increases at the 
expense of the liquid monomer phase. This two phase stage is completed when the 
monomer-rich phase is exhausted. This occurs at a conversion of approximately 70 
%, when the pressure, which has been constant up to this point, drops. During stage 
three the polymerisation occurs in the monomer swollen polymer phase. Fig - 3.22 
- and Fig - 3.23 - show the monomer transfer between the different phases and the 
relationship between the reactor pressure and the PVC morphology (Xie, T. Y. et al. 
(1991)). 
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"ý CH7 = CHCI 
Emulsification 
H7 0 
Hydrophobic end 
Hydrophilic end 
Fig, - 3.21 - Initial vinyl chloride emulsification [After Davidson, J. A and Gardner, 
K. L. (1983)]. 
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Fig- 3.22 - Monomer transfer before and after pressure drop (Xf being the conversion 
at which the pressure drop occurs) [After Xie, T. Y. et al. (1991)]. 
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Fig - 3.23 - Relationship between the reactor pressure and PVC morphology 
development [After Xie, T. Y. et al. (1991)]. 
A summary on the terminology that is used to describe the morphology of PVC was 
proposed by Allsopp, M. W. (1981). It is based on a paper published by Geil, P. H. 
(1977) ( see Table - 3.7 - and Fig - 3.19 -). 
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Table - 3.7 - List of PVC nomenclature. 
Approximate size 
Term Range Average Origin or description 
(um) (um) 
Visible constituent of free flowing 
Grain 50 - 250 130 powder, formed from more than one 
monomer droplet. 
Sub-grain 10 - 150 40 Polymerised monomer droplet. 
Formed during early stage of 
Agglomerate 1-10 5 polymerisation by coalescence of 
primary particles (1-2µm). 
Grow from domain. Formed at low 
Primary 0.6-0.8 0.8 conversion (less than 2%) by 
particles coalescence of micro-domain. Grows 
with conversion to size shown. 
Primary particle nucleus. Contains 
0.1-0.2 about 1000 micro-domains Only 
Domain 0.2 observed at low conversion ( less than 
2%). Becomes primary particle soon as 
growth starts. 
Smallest species so far identified. 
Micro-domain 0.01-0.02 0.02 Aggregate of polymer chains probably 
about 50 in number. 
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CHAPTER 4 
4- APPARATUS DESIGN AND OPERATION 
4.1 - The design and operation of the agitation tank : 
The agitated tank used in our project was supplied by European Vinyls Corporation 
(E. V. C) UKLimited. Originally, the vessel was designed by Leao, M. L. Et al. at the 
chemical engineering department at Imperial College(Leao, M. L. et al. (1986)) as a 
pressurised four-roll mill to study the effects of the two dimensional extentional and 
rotational flows on a population of inert and polymerising droplets. The apparatus 
was modified in order to use it as a pressurised polymerisation reactor and a 
pressurised liquid-liquid mixing tank. The schematic diagram of the modified 
pressurised reactor is shown in Fig -4.1- and Fig - 4.1A -. It consists of two main 
parts, the lid and the mixing bath. The lid bore the sealing mechanism around the 
agitator's shaft. The fluid bath comprising the vessel wall and the base plate all in 
one, was jacketed and carried the inlet/outlet ports (see Fig - 4.1B -). Both the lid 
and the tank were machined out of a 205 mm diameter stainless steel 316 rod, and 
had a thickness of 28 mm. To secure a perfect seal between the lid and the tank a 
Viton o-ring and sixteen 3/8" BSF bolts were used. The inside surface of the vessel 
wall was sloped towards the outside, so that the inside diameter increased linearly 
by about 4 mm half way up the wall (see fig -4.2-). The vessel was fitted with four 
equally spaced stainless steel baffles, each 1/10 the tank diameter. These baffles 
were designed in a manner that, they could be easily mounted or dismantled. 
In addition to the details above, the pressurised reactor had the following features : 
1) - The circulating water jacket :A recess of rectangular cross-section, 14 mm 
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Fig - 4.1 A- View of the polymerisation equipment 
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Fig - 4.1B - The fluid bath of the polymerisation reactor 
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Fig - 4.2 - Details of the recess in the vessel wall for circulating water and the gas 
bleed port ( dimensions in mm ). 
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depth x 68 mm width, running the entire circumference of the vessel was machined 
in the outer surface of the wall (see Fig -4.2-). It was then covered over by welding 
a stainless steel strip of 70 mm width x 1.4 mm thickness. Baffles were welded into 
the recess in order to increase turbulence and heat transfer inside the water jacket. 
2) - The temperature probe port :A high pressure temperature probe (stainless steel 
probe, 3.5 mm diameter, 22 mm length, with a male nut 1/8" BSF) was fitted in the 
base of the reactor tank. The temperature in the vessel was controlled using a digital 
temperature indicator (with programmable alarm/external sensing probe) with a 
temperature measuring range of -10 °C to 110 °C (resolution 0.1 °C) and with a 
selectable sensing (1 sec. or 10 sec. ). 
3)- The charge/discharge port :A Swagelok male connector (1/8" O. D tube - 1/8" 
thread) was fitted in the base of the vessel for loading and unloading of the suspending 
medium. 
4) - The sampling system port :A male connector fitting (Swagelok male connector, 
1/8" O. D tube -1/8" NPT thread) in the vessel's wall connected to an outside ON/OFF 
ball valve allowed samples to be withdrawn from the reactor into the pressurised 
optical cell (to be described in the next sub-chapter). 
5)- The gas-bleed port : An overhead port in the wall of the vessel, directly opposite 
to the sampling system port, was designed for purging the pressurised vessel and for 
connecting the reaction medium to a pressure indicator and a bursting disc device 
(see Fig -4.2- and Fig -4.3-). The fitting used was a Swagelok male connector (1/16" 
O. D tubing - 1/8" NPT thread). The latter fitting allowed a stainless steel pipe (O. D 
1/16") to be inserted into the vessel (see Fig -4.2-). The length of the stainless steel 
tubing inside the reactor was adjusted so that it is slightly above the liquid level. It 
was connected outside the reactor to a union tee (1/8" O. D tubing - 1/8" NPT thread) 
from which one arm provided the connection to the venting line while the other arm 
was linked to the pressure indicator and the bursting disc. 
6) - The seal mechanism : Because the reactor was designed for VCM dispersion 
and polymerisation, special seals were required to prevent leakage of VCM from 
around the agitator's shaft. For this reason the following requirements had to be met 
by the sealing mechanism : 
a) - Working pressure of up to 15 bars. 
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b) - working temperature of up to 80 °C. 
c) - Chemically resistant to VCM. 
d) - Sealing system to be used for a shaft diameter of 8 mm and a rotational speed 
of up to 800 rpm. 
e) - No lubrication so as to avoid contamination of the reaction mixture. 
f) - Small volume (not too bulky for our system). 
One of the best sealing systems that met our requirements was the use of lip seals. 
They are Gylon (trade name of Garlock Ltd. ) lip-seals, made from a mixture of PTFE 
and graphite and have the following advantages : 
- Good memory (elastic). 
- Low thermal expansion. 
- High pressure capability. 
- Chemical resistance of pure PTFE and graphite (suitable for corrosive liquids and 
gases). 
- Require very small installation dimensions. 
In order to avoid leakage, a multi-lip arrangement could be installed on very short 
axial lengths. For our equipment, we opted for the use of a double-lip arrangement 
with an atmosphere of nitrogen in between the two lips. The various components of 
the seal mechanism are shown in Fig -4.4-. The leakage of VCM was eliminated by 
adjusting the nitrogen pressure slightly above the internal pressure of the reactor. 
The nitrogen was introduced between the two lips by machining a 12 mm diameter 
hole, at 25 mm off the centre of the lid, down to a depth of 22 mm and connect it to 
the agitator's shaft hole by machining a2 mm horizontal hole. This opening into the 
centre hole occurs at the level of the stainless steel spacer ring (shown in Fig -4.5-) 
between the two lip seals. When the nitrogen was admitted into the latter hole, it 
entered the seal housing and filled the space between the spacer-ring and the wall of 
the housing, it then passed through the 2 mm diameter hole in the spacer-ring and 
entered the space of the inside of the ring. The leakage of the VCM from the vessel 
was prevented because of the confinement of the nitrogen by the agitator's shaft and 
the two lip-seals. The lip-seal locking bush (male nut shown in Fig -4.5-) provided 
the required compression to make good seals while the Viton o-ring protected the 
seals against the metal of the stainless steel bush. 
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7)- The agitator : The agitator was made from stainless steel 316 rod. It is a six flat 
blade turbine type mounted on a 12 mm diameter x 81 mm length shaft (portion 
exposed to the liquid mixture and was responsible for creating the flow field). Fig 
-4.6- shows the schematic diagram of the stirrer with the different step changes in 
diameter. The end sections (above and below the shaft portion exposed to the reactor 
mixture) act as supports and are fitted inside special bearings. These bearings are 
made from stainless steel and are dry running open ball type, measuring 16 mm O. D, 
8 mm, I. D x4 mm. This type of design is necessary to keep the agitator in a vertical 
position at all time and to avoid vibration. The bottom section, which is 8 mm 
diameter x4 mm, allows the shaft to sit tightly in a bearing. The latter is plugged in 
a hole machined in a stainless steel 316 disc measuring 60 mm diameter x 4.5 mm 
(see Fig -4.7-). The disc is fitted in a matching recess machined at the centre of the 
base of the reactor vessel. The diameter of the portion of shaft passing through the 
top bearing is reduced to 8 mm and then reduced further to 7.9 mm diameter to be 
accommodated inside the sealing system. The upper part of the shaft emerging from 
the sealing system and the top of the lid (7 mm diameter x 75 mm) is coupled to the 
drive shaft. 
4.2 - Design and operation of the pressurised optical cell : 
One of the main tasks of the research project was to design and operate an optical 
microscope system that allows monitoring of the behaviour of the dispersed phase 
before and during suspension polymerisation. For this purpose, several types of 
optical systems were considered (including those described in chapter -3- ). Finally 
the choice was to use an external microscopic optical cell. This choice was made 
because the dispersion was stabilised using a suspending agent; thus, the sampling 
would not disturb the droplets or change their properties. The primary target was to 
design a system which meets the following requirements ( Davidson, J. A. (1975) 
1)- It should safely withstand the pressure being used (about 12 bar). 
2)- It should be capable of being used with commercially available microscope optics. 
3)- The liquid layer inside the cell should be quite thin (because we are dealing with 
liquid-liquid and solid-liquid dispersions). 
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Fig - 4.6 - Schematic diagram of the six flat blade turbine type agitator and it's shaft 
(dimensions in mm). 
84 
Fig - 4.7 - Details of the stainless steel disc (dimensions in mm). 
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4)- It should be easy to clean and be demountable. 
5)- It should be light and small enough to fit on the microscope without undue 
encumbrance. 
6)- It should be chemically resistant to VCM. 
7)- The samples to be taken should be small enough in order not to perturb the 
reactor's mixture greatly. 
Fig -4.8- shows the schematic diagrams of the demountable pressurised optical cell 
designed. It consists mainly of a stainless steel 316 body, a threaded stainless steel 
316 locking bush and a viewing area. 
A) - The stainless steel body : the stainless steel body was machined from a piece 
of stainless steel 316 (80 mm x 40 mm x 20 mm). A 13 mm hole was machined in 
the centre of the body from the bottom (see Fig -4.8a-) and went up to a depth of 17 
mm. This hole housed the viewing windows as well as the threaded locking bush. 
A second tapered hole was machined in the centre of the body from the top and went 
down till it cut into the bottom hole. Two inlet and outlet holes (3 mm diameter with 
tapered end when reaching the viewing chamber) were machined horizontally into 
the viewing chamber at 7.5 mm from the top. Both sides of the main body are 
connected to stainless steel ON / OFF valves via stainless steel pipes (I. D 3 mm). 
B)- The locking bush :a special threaded bush (male nut) with a7 mm hole through 
the centre was machined from a stainless steel 316 rod (24 mm diameter x 22 mm) 
and used to tighten the viewing window and seal the opening. 
C)- The viewing window : the viewing window chamber consisted of two sapphire 
windows (12.6 mm diameter x 1.6 mm) which were spaced using two semi-circular 
flat PTFE spacers (O. D 13 mm, I. D 7 mm (the latter is the empty internal spacing 
representing the viewing chamber as seen in Fig -4.8b-) and 0.5 mm thick). The use 
of this type of spacer arrangement allowed the thickness of the sampling chamber 
to be changed just by changing the thickness of the spacers. Sapphire windows were 
chosen because of their properties (extreme surface hardness, chemically inert, easy 
to clean without leaving scratches, and can withstand very high pressures). The 
breaking strength of transparent vitreous silica windows of various diameters (D, ) 
may be calculated using the following formula (from leaflet supplied by Viteosil 
and Spectrosil pressure windows) : 
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Fig - 4.8 - Schematic diagram of the stainless steel pressurised optical cell 
(dimensions in mm). 
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DýP 
t=- 168 
Where t is the thickness in mm 
D is the aperture diameter in mm (see Fig -4.9-) 
and P is the pressure in KNm 2 
[4.1] 
This formula includes a safety factor of 10. As sapphire has a breaking strength 
which is at least 5 times that of silica windows, the latter formula may be used as 
follow : 
D ýP 
t=- 840 
Joint 
Area 
D D, 
Fig - 4.9 - Circular shaped pressure window. 
[4.2] 
Thus, for a sapphire window with a thickness of 1.6 mm the bursting pressure is 
above 368 bars. The latter window was tested successfully for pressures of up to 400 
bars (well above our working pressure which is about 10 bars). 
The top window was cemented inside the hole of the main body, while the bottom 
window was cemented to the top of the locking bush. The sealant used was a silicone 
rubber material (Silastic 738 RTV adhesive / sealant) which was applied to the 
pre-cleaned stainless steel surfaces in a uniform thickness of approximately 0.5 mm 
and pressed slightly using the sapphire windows, then, left to dry at room temperature 
for 48 hours. The internal PTFE spacing pieces were then inserted between the two 
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windows and the cell was then assembled by tightening the locking bush. Despite 
all the precautions taken in designing the cell, eye protection was always worn when 
handling pressure equipments. 
4.3 - Design and operation of the reflux system : 
One of the main aims of the research project was to develop a system that allowed 
study of some details of the effect of condenser operation on the droplets morphology 
and uniformity during suspension polymerisation of VCM. Different approaches 
have been considered in the design of the reflux system, taking into account the need 
for a continuous monitoring of the reflux rate. For this purpose, the system shown 
in Fig -4.10- was designed. It consists mainly of a 80 cm long stainless steel pipe 
of about 8 mm internal diameter, a cooling water jacket and a viewing window. The 
latter system was connected to the top of the reactor's lid by an ON/OFF valve (8 
mm internal diameter) at each end. This gave the choice of using or not using the 
reflux condenser system. Also, it permitted the returning reflux to be stored in the 
viewing chamber when needed. 
4.3.1 - The cooling system : 
The condenser's water jacket was made from 40 mm diameter brass pipe and was 
about 15 cm long. The condenser was operated using a water inlet/outlet pipes 
connected to a water bath to control the temperature of the cooling water (thus, 
controlling the reflux rate). 
4.3.2 - The viewing window : 
In order to measure the reflux rate, a conical stainless steel device was fixed under 
the condenser inside the viewing window (see Fig -4.10- and -4.11-). It was machined 
from a stainless steel 316 rod ( 30 mm diameter x 32.5 mm ). A hole of 1.3 mm in 
diameter was drilled at the bottom of the cone to allow uniform droplets of VCM 
to return to the mixing system. Another hole was drilled on the side wall of the cone 
(4 mm internal diameter) with an angle of about 60° (see Fig -4.11-) in order to 
eliminate any pressure differences between below and above the conical body (due 
to a difference of temperature). The latter was fixed to the lower pipe of the condenser 
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Fig - 4.11 - Schematic diagram of the conical body used in the reflux system 
(dimensions in mm). 
91 
using a locking screw. The reflux rate was measured by counting the number of 
drops coming from the condenser per unit time. The volume of the drops was 
determined using a calibration method (45 drops VCM / ml. ). On the top-left side 
) of the viewing window, an ON / OFF venting valve ( 2.4 mm internal diameter) 
was mounted in order to prevent any build-up of nitrogen at the top of the heated 
pipe (which may inhibit or decrease the reflux rate). The viewing window was 
provided by E. V. C . 
It is a stainless steel double windowed pressure cell having a 
capacity of 0.5 1. and a viewing area of 75 mm diameter. It can withstand a working 
pressure of up to 25 bars. Each window was mounted onto the stainless steel body 
using six stainless steel bolts and a side cover. The diameter of the bottom pipe 
connected to the viewing window was reduced to 4 mm using a PTFE pipe (8 mm, 
O. D; 4 mm, I. D) in order to avoid having VCM vapours coming into the window 
from the condensation side of the reflux system. The reflux rate was controlled by 
using a certain amount of nitrogen (added into the reactor). A few experiments were 
performed to determine the best experimental conditions to be used. The reactor's 
lid, as well as the stainless steel pipe leading to the condenser, were covered with 
a heating tape in order to keep them at a temperature above the reaction temperature 
so that condensation did not occur on the lid. 
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CHAPTER 5 
5- MATERIALS AND EXPERIMENTAL 
METHODS 
5.1 - Materials : 
This sub-chapter describes the physical properties of the materials used in the 
experiments. The two phase system consisted of an aqueous continuous phase and 
an organic dispersed phase. 
5.1.1 - The dispersed phase : 
Depending on the objectives of each set of experiments, the dispersed phase 
consisted of one of the following systems: 
- Toluene for the simulation experiments. 
- Vinyl chloride monomer (VCM) for the dispersion experiments. 
- Vinyl chloride monomer and Sudan red B for the dye experiments (Sudan red B 
dye is predissolved in VCM). 
- Vinyl chloride and X50 (initiator) for the polymerisation experiments (the initiator 
is highly soluble in VCM and is either predispersed in the continuous phase or 
predissolved in the VCM). 
A) - Sudan red B: It's an organic dye (dye content = 97 %) supplied by ALDRICH. 
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B)- Initiator (X50) : The initiator used in the vinyl chloride suspension 
polymerisation experiments was Bis(4-t. butylcyclohexyl)peroxydicarbonate (trade 
name : Perkadox 16-W25-GB 1; manufacturer : AKZO Chemie) supplied by E. V. C 
(U. K Ltd). It's characteristics are shown in table - 5.1 -. 
Table - 5.1 - Some physical properties of the polymerisation initiator 
Bis(4-t. butylcyclohexyl)peroxydicarbonate. 
Property Value 
Molecular weight 398.5 
Theoretical active oxygen content (% pure peroxide) 4.01 % 
Emergency temperature +35 °C 
Density 1.0 
Peroxide content 25 % 
Active oxygen content 0.99-1.02% 
Solubility in water (mg/kg) 25 
Half life time data t,,, = 13x10-" x e14902 ' 
where t (sec. ) and T (°K) 
Appearance white suspension 
Formulation suspension in water 
The same type of initiator ( X50 ) was also used in some experiments but as a solid 
white powder instead of a suspension in water. 
C) - Toluene : The main physical properties of toluene are shown in table - 5.2 - 
Table - 5.2 - Some physical properties of toluene. 
Property Value 
Molecular weight 92.14 
Boiling point 111 °C 
Refractive index (at 20 °C) 1.4960 
Density 0.867 
Viscosity ( at 20 °C) 0.590 (cp) 
Surface tension (at 30 °C) 27.4 (dyn/cm) 
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D)- Vinyl chloride : 
Vinyl chloride monomer was supplied by E. V. C (U. K Ltd), in a large stainless steel 
storage cylinder initially containing about 30 Kg of VCM. The physical properties 
of vinyl chloride are shown in table - 5.3 - 
Table - 5.3 - Physical properties vinyl chloride. 
Property value 
General physical properties Colorless, dense gas at room 
temperature and ambient 
pressure. 
molecular weight 62.5 
Vapor density 2.15 (air = 1.00) 
melting point ( °C) -153.8 
normal boiling point ( °C) -13.4 
refractive index ( at 15 °C) 1.398 
lower flammable limit in air (% v/v) 4.0 
upper flammable limit in air (% v/v) 22.0 
solubility of VCM in water (at 20 °C, mg/kg) 1100 
solubility of water in VCM (at -15 °C, mg/kg) 300 
Liquid properties : Value at 
-40°C -20°C 0°C 
latent heat of vaporisation ( kJ / kg) 374 362 349 
liquid density 1014.4 983.4 947.1 
viscosity (cp) 0.35 0.29 0.23 
surface tension ( dyn/cm) 26 23 20 
Temperature (°C) 10 20 30 40 50 60 70 
Vapor pressure (psi) 22.2 35.1 52.9 70.0 91.7 119.4 150.4 
density 0.9283 0.9106 0.8919 0.8725 0.8517 0.8291 - 
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5.1.2 - Continuous phase : 
The continuous phase consisted of distilled water and a suspending agent ((partially 
hydrolysed poly(vinyl acetate) with different degrees of hydrolysis). 
a) - Distilled water : some of the physical properties of distilled water are shown in 
table - 5.4 -. 
Table - 5.4 - Some physical properties of distilled water. 
Property Value 
Density ( at 55 °C) 0.9857 
Viscosity ( at 55 °C) 0.5040 (cp) 
Refractive index (at 50 °C) 1.3289 
Surface tension (at 50 °C) 67.91 (dyn/cm) 
b) - suspending agents : 
The suspending agents used in our experiments are partially hydrolysed poly(vinyl 
acetate) with different properties (i. e degree of hydrolysis, molecular weight etc. ). 
They were supplied to us by E. V. C (U. K Ltd). Table - 5.5 - shows some of the 
properties of PVA used. 
Table - 5.5 - Some properties of the suspending agents (PVA) used. 
Trade name Manufacturer Degree of hydr. 
(%) 
Molecular 
weight 
Polyvic S202 SIGMA Prodotti Chimici 47 22300a 
Alcotex "A55" HARLOW Chemical Co 54 - 57 20400a 
Alcotex Spec. "A" HARLOW Chemical Co 71.5-73.5 75000a 
Gohsenol KH-17 NIPPON Gohsei 78.5-81.5 259000a 
Gohsenol S3 NIPPON Gohsei 84 240000a 
PVA 88%Hydr. BDH 88 78000b 
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a- Values of molecular weight (reacetilated and measured in DMF) supplied by 
E. V. C (U. K Ltd). 
b- Value of molecular weight provided by the supplier (BDH). 
PVA (88% Hydr. ), Alcotex Spec. "A", Gohsenol KH17 and Gohsenol S3 are used 
as primary stabilisers while Polyvic S202 and Alcotex "A55" are used as secondary 
stabilisers. 
5.2 - Experimental methods : 
5.2.1 - Pressure tests : 
The equipment ( reactor tank, optical cell and all the pipes connected to them ) 
was tested to determine any leakage, at pressures up to 12 bars. This was performed 
by filling the reactor tank with distilled water (1 1. ) and then allowing the pressure 
to build up to the required level by turning on the nitrogen valve. The stirrer was 
then switched on ( 500 rpm) and the nitrogen regulator turned off. The system was 
left for about 6 hours ( necessary time for the suspension polymerisation of vinyl 
chloride) to see if there is any decrease in the pressure. The same experiment was 
repeated again, this time using hot water (T= 55 °C ). The third experiment was 
performed with the stirrer off and was left for a longer period of time (3 days ). The 
leakages around the connecting fittings were detected by spraying soapy water 
around them and were eliminated by tightening the fittings. No leakage was observed 
around the lip-seals for the first two experiments while for the third one, we noticed 
a drop in the pressure from 11 to 10 bars. 
5.2.2 - Simulation experiments : 
This first series of experiments was carried out using an "inert" hydrocarbon 
(toluene) as a dispersed phase. The use of simulated monomer has allowed us : 
a) - To determine the best technique to be employed to take photographs of samples 
taken out of the reactor at different residence time. 
b) - To study the extent of the variation of the drop size and size distribution which 
results from changing certain parameters such as : residence time, agitation speed, 
suspending agent concentration, etc. 
All experiments were carried out at 55 °C ( reaction temperature used in the 
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suspension polymerisation of Vinyl chloride), using distilled water (containing a 
certain amount of stabiliser (PVA)) as the continuous phase and toluene as the 
dispersed phase. In order to investigate the sampling procedure that might be used 
for vinyl chloride suspension polymerisation, all experiments were carried out under 
nitrogen pressure (10 bars). To avoid the difference in pressure between the reactor 
tank and the optical cell, and in order to reduce the risk of breakage or coalescence 
of the drops during sampling, it was necessary to fill the optical cell with distilled 
water before each sampling. By opening the valve -1- (see Fig - 4.3 -), the pressure 
in both the reactor and the optical cell became the same. The sample was then forced 
into the optical cell by opening the valve -3- very slowly in order to control the flow 
(thus, not disturbing the droplets entering the viewing chamber of the optical cell). 
The valve -3- was then put in the off position and after allowing all the droplets to 
stabilise near the upper optical cell sapphire window (as toluene is less dense than 
water the droplets move to the upper side of the optical cell chamber in about 10 
seconds ), the sample was then photographed with a normal PRACTIKA camera 
attached to a BIOLAM microscope via a macro bellows attachment. A continuous 
high illumination light source was employed instead of a flash because the samples 
photographed were not in motion. The process of sampling and photographing took 
about one minute. In order to obtain a statistically sufficient number of droplets 
(300-500), it was sometimes necessary to take several images for each experiment. 
The negatives where then developed and projected on an opal screen (at a known 
magnification). The droplet diameters were then measured manually. The smallest 
drop size that could be measured by this method was 10 µm. The calculation of the 
average drop diameter was performed using two different methods. The arithmetic 
mean drop diameter DR, and the Sauter mean diameter D32 (see chapter -3- for details). 
The following experimental conditions were the same for all the experiments 
performed in this series ( unless stated otherwise 
- Volume fraction of the dispersed phase = 0.03. 
- Temperature of the mixture = 55 °C. 
- reactor's pressure = 10 bars. 
- Volume of the continuous phase = 11. 
- Suspending agent (poly(vinyl alcohol), 88 % hydrolysed) concentration = 0.02 %. 
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5.2.2.1 - Preparation of the suspending agent solution : 
The concentrated suspending agent solution was prepared as follow 
A) - 200 ml of distilled water waspouredinto a 250 ml glass beaker. 
B)- The distilled water was strongly agitated using a magnetic stirrer. 
C) -4 grams of the required suspending agent (PVA) was thenpouredslowly into 
the distilled water. 
D) - The mixture was strongly agitated for 1 to 2 hours (depending on the type of 
PVA used) in order to completely disperse the PVA. 
E) - The mixture was then heated up slowly to 30 °C and the temperature kept for 
3 hours with stirring. 
F) - The PVA solution was then cooled down to room temperature (the strong stirring 
always maintained). 
G) - After about 60 minutes the PVA solution was filtered ( using a laboratory filter 
paper) and stored in a 200 ml flask at room temperature. 
The PVA solution (about 2% w/w concentration) was used within 2 weeks of its 
preparation and each time it was prestirred for about 30 minutes prior to use. 
5.2.3 - Vinyl chloride dispersion : 
The purpose of this second series of experiments was to study qualitatively the 
relationship between the drop size and the other parameters of the system. These 
parameters are believed to have a great influence on the drop size and drop stability. 
In these experiments, the one litre autoclave was first charged with 900 ml. of 
distilled water, containing about 0.02 % (w/w) of suspending agent (PVA), which 
was later degassed (i. e removal of air) using nitrogen (free of oxygen) several times 
to remove the oxygen. About 100 gr. of vinyl chloride was then weighed and forced 
into the autoclave using nitrogen pressure. The reactor was then sealed and the 
mixture stirred and warmed up to 55 °C. The sampling method was the same as the 
one used for toluene dispersion. At the end of the experiment, the heating was stopped 
and the reactor cooled down using cold water ( from the tap ). When the temperature 
of the fluid dropped below 20 °C, the reactor was vented very slowly via the venting 
valve (see Fig - 4.3 - ). This slow release of pressure lasted about 2 to 3 hours (the 
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venting was done overnight). Once the venting was completed, the reactor was 
heated up to 80 °C and vented again for about 30 minutes, using a low pressure of 
nitrogen ( 0.5 bar ), to remove the remaining vinyl chloride monomer, which was 
dissolved in the continuous phase ( 1000 ppm ). 
5.2.3.1 - Air monitoring and venting of the autoclave : 
In view of the carcinogenic hazard of the vinyl chloride monomer, the VCM 
concentration in both the air around the autoclave and during the venting of VCM 
at the end of each experiment had to be monitored. This monitoring is discussed in 
this subsection. 
A) - Air monitoring for VCM concentration : 
Air monitoring for vinyl chloride concentration was performed using a Drager pump 
together with a suitable drager tube (Drager tube Vinyl chloride 1/a ). The latter gas 
detector pump is a hand-operated bellows pump (specifications given by 
manufacturer; DRAGER, (1986)). It has only one valve, which is closed when the 
gas sample is sucked in and opens again on squeezing the belows. The pump head 
has an aperture into which the Drager tube to be used is inserted. The drager tube 
recommended for our tests is "Vinyl chloride 1/a". Its standard range of measurement 
(at 20 °C, 760 mm Hg) is :1 to 10 ppm ( with 5 strokes ) and 5 to 50 ppm ( with 20 
strokes ). The determination of VCM concentration is as follow : 
- Suck the air sample through the tube with the corresponding number of strokes (5 
or 20). 
- In the presence of vinyl chloride the white indicating layer (initial color of the 
Drager tube Vinyl chloride 1/a) turns pale-yellow-orange over a varying length. The 
total length of discoloration is a measure of the vinyl chloride concentration (in ppm; 
1 ppm = 2.60 mg/m3 at the conditions indicated above). 
The exposure level at the workplace must not exceed 5 ppm (Weiss, G. (1985); 
Irving, N. (1986)). The maximum exposure level was set at 3 ppm. 
From the tests conducted, the concentration of VCM was less than 1 ppm (no VCM 
was detected). 
B)- Venting of the autoclave after experiment 
At the end of each experiment the excess vinyl chloride was vented slowly via the 
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venting valve. The slow release of vinyl chloride had to be monitored by determining 
the concentration of VCM near the extractor area (in our case the fume cupboard). 
From the beginning, it was anticipated that the maximum quantity of vinyl chloride 
to be vented was 100 grams. Thus, the number of moles to be vented was = 100 / 
62.5 = 1.6 mol of VCM. By assuming that the vented vinyl chloride will immediately 
equilibrate to STP, the standard volume to be vented was V vcM = 1.6 mol x 22.4 1. / 
mot = 35.84 1. = 35.84 x 10-3 m3. of VCM gas. In order to maintain the concentration 
of VCM gas in the extracted air through the venting system less than CvcM =5 ppm 
(5 x 10-6) the following relationship must hold : 
Vvc, M 
Cvcmf xE 
[5.1] 
Where E is the extractor's gas flow rate (in m3 / min),. Thus for a gas (air and VCM) 
flow rate of 44.4 m3 / min ( determined experimentally for our fume cupboard ; 
average air flow for a1 m2 area was 0.74 in / sec. ), the necessary venting time will 
be t= 162 min . 
Thus the venting valve is adjusted so that the VCM evaporates 
within a time of about t=3 hours. 
5.2.3.2 - Effect of suspending agent concentration on the volume and size 
distribution of vinyl chloride droplets : 
The suspending agent solution was prepared by dissolving 4 grams PVA (Alcotex 
spec. "A" partly hydrolysed (72.5 %)) in 200 ml of distilled water, using a strong 
agitation. When the solution became transparent, it was filtered and stored in a 200 
ml flask. During this series of experiments the effect of suspending agent 
concentration on the volume and size distribution of the vinyl chloride droplets has 
been investigated. Eight experiments were performed using 0 %, 0.002 %, 0.005 
0.01 %, 0.015 %, 0.02 %, 0.1 % and 0.2 % concentration of PVA (72.5 % hydr. ) 
[WtPVA/WtH, o)]. The volume fraction of the dispersed phase ( vinyl chloride ) was 
0.1 
. 
After introducing 1000 ml of distilled water and the necessary amount of 
suspending agent into the reactor, the mixture was stirred for about 5 minutes in 
order to homogenize the solution. The reactor was then sealed and purged with 
nitrogen several times to remove the oxygen. One hundred grams of vinyl chloride 
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was then weighed and forced into the reactor. At that time, the temperature of the 
mixture was about 15°C. The system was then heated-up to the required temperature 
( 55°C) and, at the same time the stirrer was run for 30 minutes (30 minutes is the 
necessary time to obtain a steady state) at each of the following speeds : 250,350, 
500,650 and 800 rpm respectively. At the end of each stirring period a sample was 
forced into the pressurised optical cell and photographs were taken and analysed. 
The pressure inside the reactor during these experiments was about 9 bars (N2 ). 
The volume % of monomer droplets for each interval i (of diameter D; ) was calculated 
using the following expression : 
n; x V; x 100 n, x D, 3 x 100 (V%)1= -3 [5.2] Vt n; x D; 
Where D; is the average diameter in the interval i, n1 is the number of droplets of 
diameter D, and, V, and V; the total volume of the monomer droplets counted and the 
volume of the droplet of diameter D; respectively. 
5.2.3.3 - Effect of phase hold-up on the volume and size distribution of vinyl 
chloride droplets : 
In order to simulate the vinyl chloride drop dispersion on an industrial scale, the 
phase hold-up effect was investigated using a dispersed to continuous phase ratio of 
0.01,0.05,0.1,0.2,0.3 and 0.4 (by weight) respectively. These experiments were 
performed using PVA ( 72.5 % hydr. ) as a suspending agent. The amount of PVA 
used was the same for all experiments ( 0.3 gram ). The procedure was similar to 
the one used in sub-section - 5.2.3 -. Because of the limitations due to the internal 
volume of our reactor, the volume of the continuous phase was not constant (see 
table - 5.6 -). 
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TABLE - 5.6 - Quantities of vinyl chloride, distilled water and suspending agent 
used for each volume fraction. 
Volume fraction 
(cp) 
Vinyl chloride 
weight (grams) 
Continuous phase 
weight (grams) 
PVA weight 
(grams) 
0.01 15 1000 0.3 
0.05 50 1000 0.3 
0.1 100 1000 0.3 
0.2 200 900 0.3 
0.3 300 800 0.3 
0.4 400 700 0.3 
5.2.4 - Effect of mixing conditions on the coalescence rate between the vinyl 
chloride droplets (dye experiments): 
The aim of this series of experiments was to study the effect of experimental 
conditions on the coalescence rate. For this purpose, three parameters which are 
believed to have a great influence on the coalescence rate were investigated. 
The latter are, the residence time, the suspending agent concentration and the 
turbulence intensity ( agitation speed ). To perform this set of experiments, an 
experimental procedure was developed. 0.1 gram of SUDAN red "B" dye was put 
into a small stainless steel cylinder (150 ml. capacity). The latter was then purged 
with nitrogen to remove the air and filled with 25 grams of vinyl chloride. The 
mixture was then shaken in order to accelerate the dissolution of the dye. The 
small cylinder was fixed onto the top of the reactor's lid ( see FIG- 4.3 -) and 
then connected to a nitrogen cylinder. The continuous phase (distilled water 
containing the suspending agent) was charged into the reactor tank, which was then 
sealed and de-oxygenated. 75 grams of fresh vinyl chloride was then forced into 
the reactor tank and stirred at the required agitation speed. The tank was then heated 
up to 55°C. At a later stage, the dyed VCM monomer was added into the reactor's 
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mixture and samples were photographed at regular intervals and analysed for 
coalescence rate. In order to differentiate between dyed and non-dyed droplets a 
filter ( filter type tri-color green) was used for the microscope light which gives a 
darker color for the dyed VCM droplets. The latter procedure was used throughout 
this series of experiments. 
5.2.5 - Effect of polymerisation conditions on the vinyl chloride droplets 
morphology and uniformity: 
The aim of these experiments was to study the effect of polymerisation conditions 
on the vinyl chloride droplets. For this purpose a series of preliminary 
polymerisation experiments were performed in order to investigate the best 
experimental conditions to be used. The procedure used was the same as for vinyl 
chloride dispersion ( see section - 5.2.3 - ). The suspending agent used was 
ALCOTEX spec. "A" ( 72.5 % degree of hydrolysis ) while the best agitator speed 
was found to be 350 rpm (it was found to give more or less spherical particles). 
The initiator ( X50 ) was either predissolved in the monomer or suspended as a 
dispersion in the continuous phase. The reaction temperature was 55°C . 
Because 
the vinyl chloride polymerisation reaction is exothermic, the reaction temperature 
was controlled by adding regularly some ice into the water bath used to cool the 
reactor. For each experiment, samples were forced into the pressurised optical cell 
and photographs were taken at different stages of the polymerisation. At the end of 
each polymerisation experiment the heating was ceased and the excess vinyl chloride 
slowly vented through the extractor via the venting valve. Once the venting was 
completed, the reactor's contents were heated up to 80 °C to remove the residual 
VCM (about 1000 ppm) using the same method as for vinyl dispersion. The reactor 
was then cooled down and the content removed into a glass flask. The PVC product 
was separated from the continuous phase by Buchner filtration and was subsequently 
dried in a vacuum oven at about 50 °C for 3 hours ( necessary drying time ). 
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5.2.5.1 - Effect of method of addition of initiator on conversion and PVA 
adsorption : 
The aim of this series of polymerisation experiments was to investigate the effect 
of the method of addition of initiator on conversion as well as the PVA adsorption 
rate as a function of conversion. For this purpose, the following experimental 
procedure was used. A certain amount of PVA (Alcotex Spec. "A") was predissolved 
in 1 litre of distilled water ( about 0.06 % (WtPVA/WtWATER)) and then poured into 
the reactor. The continuous phase was maintained at about 15 °C using cooling water 
( through the reactor jacket ). Then 0.7 gram of initiator X50 in suspension ( 0.175 
% Wxso/WVCM ) was added into the continuous phase and stirred. The reactor was 
then sealed and deaerated using Nitrogen. 100 grams of VCM was then forced into 
the reactor and the agitator run at 350 rpm. The reaction mixture was then heated up 
to 55 T. The reactions were run for 15,30,45,60,90,120,150,200,250, and 300 
minutes respectively ( separate reactions ). At the end of each reaction, the stirrer 
was stopped for about 4 minutes and a sample of the continuous phase was taken 
and analysed for PVA concentration. The PVC product was filtered, dried and 
weighed. The same procedure was used for the second set of experiments except 
that the initiator X50 ( solid powder ) was predissolved in the VCM prior to 
polymerisation reaction. 
5.2.6 - PVA (ALCOTEX spec. "A") adsorption on VCM droplets during 
dispersion : 
This series of experiments was performed in order to investigate the amount of PVA 
adsorbed on the vinyl chloride-water interface for different experimental conditions. 
The first set of experiments was aimed to determine the effect of PVA concentration 
in the continuous phase on the quantity adsorbed at the VCM-water interface. 
The experimental conditions were as follows : cp = 0.1, N= 350 rpm, T= 55 °C 
and the residence time was 120 minutes. The concentrations of suspending agent 
used were : 0.002,0.01,0.02,0.10 and 0.2 % (Wt. PVA/Wt"WATER). At the end of each 
run, the agitator was stopped and the mixture was allowed to separate (2 phases, 
the VCM droplets phase and the water phase) for about 4 minutes. A sample of the 
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continuous phase was then taken slowly from the bottom valve of the reactor. It was 
then degassed using nitrogen (to remove the VCM dissolved in the water) and 
analysed for the final concentration of PVA using a UV/VIS adsorption method 
(Tadros, Th. F. (1974)). The second set of experiments was concerned with 
studying the effect of agitator speed ( drop size) on the amount of PVA adsorbed 
at the interface. The same experimental conditions were used in this case except 
that the initial PVA concentration was constant at 0.02%. Four experiments were 
performed using an agitator speed of 250,350,500 and 650 rpm. The third series 
of experiments was performed to study the effect of phase hold-up on PVA 
adsorption. The quantity of PVA used was constant for all the latter experiments 
(0.5 grams of ALCOTEX spec. "A") while the volume fraction was set at 0.1,0.2, 
0.3 and 0.4 respectively. Because of the changes in the volume of the continuous 
phase, the PVA concentration was not constant. Table - 5.7 - shows the values of 
CPVA VS the volume fraction cp. 
TABLE - 5.7 - Concentrations of PVA at different volume fractions 
cp 0.1 0.2 0.3 0.4 
CPVA (%) 0.051 0.057 0.064 0.073 
The aim of the fourth experiment was to study the effect of residence time on PVA 
adsorption. For this purpose, the agitator speed was set at 350 rpm and the initial 
PVA concentration in the continuous phase was 0.02 %. During this experiment 
samples were taken at different residence times (5,15,30,45,60,90 and 120 minutes 
respectively ) using the same method described before. Another experiment was 
performed to simulate the fate of refluxing VCM droplets, returning from the 
condenser. The aim was to determine how the returning monomer droplets acquire 
the stabiliser (is it from the continuous phase or from the existing droplets ? ). In 
the last stage of the fourth experiment ( after 120 minutes ), 50 grams of fresh VCM 
were added to the mixture and agitation run for an other 120 minutes. The agitator 
was then stopped and a sample of the continuous phase taken and analysed for PVA 
concentration. 
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5.2.6.1 - UV / VIS determination of PVA : 
The general principle of this method is that in the presence of boric acid, PVAs 
will form green complexes with iodine which absorb in the range 650 - 690 nm ( see 
Fig - 5.1 - ). By measuring absorbance against an iodine / boric acid background, it 
is possible to measure concentrations of PVA as low as 0.002 %. 
The stock solutions required were prepared as follow : 
A)- Boric acid solution : 40 grams of boric acid were dissolved in 1000 ml of 
distilled water (it is essential to ensure that all the solid is dissolved ). 
B)- Iodine solution : 12.7 grams of iodine were dissolved in a concentrated solution 
of 25 grams of potassium iodine in distilled water, then diluted to 1000 ml with 
distilled water ( some iodine may remain undissolved ). 
The preparation of the samples for UV / VIS was performed as follow : 
1- The blank to be used as a background : To 2 ml of distilled water was added 10 
ml of the stock boric acid solution followed by 0.1 ml of the stock iodine solution ( 
using a micropipette ), giving rise to a yellow solution. The UV / VIS cells should 
be watched using this solution. 
2- the PVA solution samples : To 2 ml of the PVA solution to be measured, 10 ml 
of boric acid stock solution was added followed by 0.1 ml of the iodine stock solution. 
This gave rise to a green complex. The intensity of the latter complex depends on 
the concentration of the PVA in the solution. For the more concentrated PVA 
solutions, the complex may appear towards the blue end of the spectrum. 
By measuring the absorbance ( ordinate ) of the sample, the concentration of PVA 
in the sample can be determined from the standard calibration curve (absorbance 
versus concentration of PVA) ( see Fig - 5.2 - ). 
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Fig - 5.1 - Absorbance spectrum for PVA - Boric acid complexe . 
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Fig - 5.2 - Standard calibration curve for UV / VIS determination of PVA 
concentration ( absorbance versus PVA concentration in % ). 
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CHAPTER 6 
6- RESULTS AND DISCUSSION 
In this chapter, the experimental results as well as a detailed discussion are presented. 
Each sub-chapter deals with a certain type of parameters affecting the liquid-liquid 
dispersion. Within each sub-chapter, the results obtained are discussed while the 
conclusions are presented in the next chapter. The raw data of this chapter are 
presented in appendices -1- to -5-. 
6.1 - Simulation experiments : 
Because of its similar density with vinyl chloride, toluene was used in this series 
of experiments to simulate the vinyl chloride liquid-liquid dispersion and to prevent 
any experimental difficulties that may arise during the use of vinyl chloride as the 
dispersed phase. The object of this sub-section is not to present a detailed discussion 
of the results but to try to make some observations and remarks as well as to have 
an idea on the behaviour of a stabilised liquid-liquid dispersion medium for different 
experimental conditions. The following experimental conditions were used for all 
the experiments performed in this series, except for the last experiment 
- Dispersed phase / continuous phase ratio (volume fraction) = 0.03. 
- Temperature ( °C) = 55 
- Pressure ( bars )= 10 
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- Volume of the continuous phase =11. 
- Suspending agent = poly(vinyl alcohol), 88 % hydrolysed, average molecular 
weight 77000 - 79000. 
6.1.1 - Variation of toluene droplet size and size distribution with agitation 
speed: 
The stirrer was started and run for 30 minutes at each of the following agitator 
speeds consecutively : 200,350,500,650 and 800 rpm. At the end of each stirring 
period, photographs were taken using a black and white graphic film. The drop size 
distribution and the mean drop size, were determined by projecting the images on a 
screen and measuring manually the diameter of the droplets ( see Fig - 6.1 - ). The 
variation of the drop size distribution at different agitator speed are shown in Fig - 
6.2 -. As expected ( with reference to the literature ), an increase in agitation speed 
has resulted in a narrowing of the size distribution. This effect appears to be more 
pronounced at lower agitation speeds. The influence of agitation speed, on the mean 
drop diameter and the Sauter mean diameter is shown in Fig - 6.3 - and Fig - 6.4 -. 
It can be seen, from the latter figures, that the mean drop size decreases when the 
agitation speed is increased. Furthermore, this decrease seems to be more pronounced 
at low agitation speed than at high agitation speed. This is not surprising, since the 
break-up effect occurs more often at higher agitation speed ( higher turbulence 
intensity), while the coalescence has a relatively low influence, because of the 
presence of suspending agent. The minimum drop size that could be measured 
accurately was 10 . im. Drops of smaller size ( less than 10 µm ) were not taken into 
account because their volume ratio was not significant. 
6.1.2 - Variation of toluene droplet size and size distribution with suspending 
agent concentration : 
The drop size distribution was studied at different concentrations of suspending 
agent ( PVA, 88% hydr. ). The stirrer was run at 350 rpm for 30 minutes and at the 
end of each stirring period, a certain amount of PVA was added so that we have the 
required concentration. Fig - 6.5 - shows the drop size distribution at different PVA 
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A 
B 
100 µm 
Fig - 6.1 - Toluene droplets dispersed in water. Stabilised by PVA ( 88 % hydr. ) at 
0.02 % concentration, after being stirred for 30 min at A) - 200 rpm, B) - 350 rpm. 
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Fig - 6.2 - Variation of toluene droplet size distribution with agitator speed. (q = 
0.03; PVA ( 88 % hydr. ) concentration = 0.02 % and stirring time = 30 min ). 
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Fig - 6.5 - Variation of toluene droplet size distribution with PVA ( 88 % hydr. ) 
concentration. ((p = 0.03; N= 350 rpm; stirring time = 30 min ) 
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Drop diometcr (um ) 
concentrations. When no PVA was added, it was quite surprising to observe a very 
high number of small droplets (< 20 gm) and a few relatively big drops. It appears 
here that the very small droplets are relatively stable towards coalescence, even in 
the absence of suspending agent, while the big drops are unstable. The latter 
observation was confirmed by the fact that the shape of the big drops was deformed. 
The number of small drops was found to be decreasing, when the PVA concentration 
was increased. This may be due to the fact that drops of relatively bigger diameter 
are becoming more stable towards coalescence, because of the presence of 
suspending agent. Fig - 6.5 - also shows that by increasing the PVA concentration, 
the drop size distribution change from a bimodal to a monomodal system. This 
bimodal distribution disappears when the concentration of PVA is above 0.01 %. 
Fig - 6.6 - and Fig - 6.7 - show the variation of the mean drop diameter and the Sauter 
mean diameter with PVA concentration. The increase of the mean drop size at low 
PVA concentrations can be explained by the fact that drops of relatively big diameter 
are stabilised by PVA because of a decrease in the interfacial tension. In contrast, 
above a certain critical amount of PVA, the mean diameter starts decreasing to 
stabilise at a certain diameter. 
6.1.3 - Variation of toluene droplet size and size distribution with residence 
time: 
These experiments were carried out, using the same experimental conditions as in 
section 6.1.2 while the variable was the residence time of the toluene droplets. The 
residence time is defined as the time spent by the dispersed phase inside the reactor. 
After starting the experiment, samples were forced into the optical cell and 
photographed at each of the following residence times : 10,20,30,60 and 90 minutes 
respectively. The concentration of the suspending agent was 0.02 %, while the 
agitation speed was 350 rpm. The results obtained for the drop size distribution are 
shown in Fig - 6.8 -. The main observation from this figure is that the drop size 
distribution tends to get narrower when the residence time is increased. It, 
additionally, showed that, even after 90 minutes the system was not completely 
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Fig - 6.8 - Variation of toluene droplet size distribution with residence time. ((p = 
0.03; N= 350 rpm; PVA ( 88 % hydr. ) Concentration = 0.02 %) 
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stable. This is confirmed in Fig - 6.9 - and Fig - 6.10 - which show the mean drop 
diameter and the Sauter mean diameter as a function of residence time. In these 
figures, the diameter was found to be decreasing with time. Furthermore, it did not 
seem to stabilise even after 90 minutes. The latter observation doesn't seem to be in 
agreement with the literature where the drop size is supposed to decrease till reaching 
an equilibrium size below which no further decrease is possible. This matter was not 
pursued further (i. e confirmed by repeating the experiment) as it's not the object 
of these simulation experiments. 
6.1.4 Effect of baffles on toluene droplet size and size distribution : 
Two experiments were performed in this case, using a baffled and an unbaffled 
reactor. In both experiments, PVA with a degree of hydrolysis of 72.5 %(0.02 % 
concentration in the continuous phase) was used as a suspending agent while the 
other parameters remain the same as in sub-section 6.1.3 The stirrer was run for 
60 minutes at 350 rpm and 500 rpm respectively. Table - 6.1 - shows the effect of 
baffles on the mean drop diameter and the Sauter mean diameter. It indicates that 
, 
by using baffles, the drop size decreases sharply at low agitation speed, while 
at high speed the effect seems to have less influence. The drop size distribution, 
displayed in Fig - 6.11 -, shows a very narrow size distribution while using baffles. 
This experiment has confirmed the importance of using baffles, especially in 
industrial processes, where a need for a narrow size distribution is of great 
importance. 
Table - 6.1 - Effect of baffles on the mean drop size (Dm) and Sauter mean diameter 
(D32) 
" 
Agitation speed System 
(rpm) Baffled Unbaffled 
Dm (µm) D32 (µm) Dm (µm) D32 (µm) 
350 34 43 76 111 
500 25 29 34 58 
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Fig - 6.11 - Effect of baffles on the toluene drop size distribution. (cp = 0.03; PVA 
( 72.5 % hydr. ) concentration = 0.02 %; residence time = 60 min ) 
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6.2 - Vinyl chloride dispersion : 
After having confirmed the suitability of our equipment for vinyl chloride dispersion 
using a simulated monomer, the study of the drop stability of vinyl chloride has been 
undertaken using the following experimental conditions : 
- Dispersed to continuous phase ratio ( volume fraction (p) = 0.1 
- Temperature ( °C )= 55 
- Pressure ( bar) =9 
- Volume of the continuous phase = 900 ml. 
- Suspending agent =(0.02 % concentration, unless stated otherwise ) poly(vinyl 
alcohol), 72.5 % hydrolysed. 
The increase in the dispersed to continuous phase ratio, was made possible because 
of the improvement made on the optical cell by decreasing the thickness of the 
sampling chamber from 2 mm to 0.6 mm. This decrease in the sampling chamber's 
thickness decreases the volume of the sample by about a third, thus, the number of 
drops to be photographed is less ( there is less overlapping of the droplets on the 
photographs taken ). 
6.2.1 - Effect of agitation conditions on the Vinyl chloride droplet size and size 
distribution : 
In this experiment, the stirrer was run for 60 minutes at each of the following 
agitator speeds respectively : 250,350,500,650 and 800 rpm. The PVA concentration 
in the continuous phase was 0.02 %( Wt. pVA / Wt-water )" The sampling method was 
the same as for toluene dispersion. 
In order for a flow field to be considered locally isotropic, the impeller Reynolds 
numbers, Re, have to be larger than 104 ( Coulaloglou, C. A. and Tavlarides, L. L. 
(1976) and Rushton, J. H. et al (1950)). Thus, impeller Reynolds numbers 
corresponding to different turbulence intensities (N in sec-' ) are presented in table 
- 6.2 -. For the system used in these experiments, the Reynolds number has the form: 
Re= 4889.4 N. 
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Table - 6.2 - Reynolds number and microscale of turbulence values for different 
agitator speed. 
N(rpm) N(rps) Re (µm) 
250 4.16 20340 12.23 
350 5.83 28505 9.49 
500 8.33 40729 7.26 
650 10.83 52952 5.96 
800 13.33 65175 5.11 
Table - 6.2 - shows that the Reynolds number values in our experiments are well 
above the minimum value for the local isotropy theory to be valid. In order to compare 
the values of the microscale of turbulence i to the droplets Sauter mean diameters 
( D32 ), the average energy dissipation rate per unit mass ( e) was determined ( see 
equation [ 3.5 ] ). Mc Manamey, W. J. (1979) defined it as the power input per unit 
mass in the volume swept by the impeller, P. In the case of turbines or flat bladed 
impellers, the volume swept by the impeller while rotating is : 
' 
V, =7t 2W [6.1] 
Where D and W are the impeller diameter and blade width respectively. Thus, the 
power input per unit mass is : 
P*=P= 
4P 
2W 
[6.2] 
V, Tcp, D 
Where P is the power input into the impeller and pc is the density of the continuous 
phase. Ghatzi, E. G et al (1991) calculated P using the equation : 
P= Pop N3D 5 [6.3] 
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Where P is the power number of the six flat blade turbine impeller. For the system 
used in these experiments, D/W=5, while P. is constant due to the large values of 
Re. The latter power number was determined experimentally by many workers and 
was found to be in the range 4-6 (Lee, J. C. and Tasakorn, P. (1979); Nienow, A. W. 
and Miles, D. (1971) and Rushton, J. H. et al (1950)). If Po is taken equal to 5 (mean 
value), the average energy dissipation rate per unit mass E will be : 
£= 
100 
N3D2 [6.4] 
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Thus, an expression for il could be derived using equation [ 3.5 ] and [ 6.4 ]: 
g 1/4 
7rv 
[6.5] 110ON3D' 
The values of 1 where determined using the latter equation and are presented in table 
- 6.2 -. These values clearly satisfy the condition L«d«1. Where L and d are 
the macroscale of turbulence (taken equal to the impeller diameter) and the droplets 
diameters (in the range of 10 - 100 µm). 
Fig - 6.12 - shows the variation of droplet size with agitation speed. It shows that, 
even at a ratio of dispersed to continuous phase of 0.1, it is possible to have a clear 
image of vinyl chloride droplets. The variation of the mean drop diameter ( DR, ) and 
the Sauter mean diameter ( D31 ) with agitation speed is shown in Fig - 6.13 -. The 
droplet-size seems to decrease sharply when the agitation speed is increased. Also 
we observe that at higher speeds the effect of agitation decreases and the drop size 
tends to stabilise. When the data of D32 and Dm versus agitator speed N were plotted 
on a log-log scale ( see Fig - 6.14 - ), straight lines were obtained confirming earlier 
theories ( see chapter 3 ). The slopes of the lines were -1.17 and -1.14 for D32 and 
Dm respectively. These values are very close to the theoretical value of -1.2, 
confirming the predominance of the breakage controlled mechanism over 
coalescence for this system ( Shinnar, R. J. (1961), Tavlarides, L. L. and Stamatoudis, 
M. (1981)). The drop size distribution is also affected by the increase of agitation 
speed, as shown in Fig - 6.15 -. This figure shows that, an increase in agitation speed 
gives a narrow size distribution and a better uniformity. 
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A 
B 
C 
100 µm 
Fig - 6.12 - Vinyl chloride droplets, dispersed in distilled water. Stabilised with PVA 
( 72.5 % hydr. at 0.02 % concentration. After being stirred for 60 minutes at :A) 
-250 rpm B)-350 rpm andC)-500 rpm. 
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Fig - 6.15 - Variation of vinyl chloride drop size distribution with agitator speed. (cp 
= 0.1; CPVA ( 72.5 % hydr. = 0.02 %; residence time = 60 min) 
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6.2.2 - Effect of residence time on the Vinyl chloride droplet size and size 
distribution : 
The transitional behaviour of Vinyl chloride droplets and the minimum time 
required to reach a steady state was studied during this experiment. The stability, 
the droplet size and droplet size distribution of vinyl chloride were also investigated. 
The stirrer was run at 500 rpm, and samples were photographed after a residence 
time of : 5,10,20,30,60,90 and 120 minutes respectively. Fig - 6.16 - shows some 
of the photographs of Vinyl chloride droplets samples taken during this experiment. 
From Fig - 6.17 - and Fig - 6.18 - we can see that the droplet size and size distribution 
are significantly affected by the residence time at the beginning of the experiment. 
The drops are large initially, then start decreasing in size exponentially with time 
during the first 30 minutes to stabilise thereafter. It is noted that, after a residence 
time of 30 minutes, the droplet size distribution remain more or less the same. These 
results are in agreement with the general theory ( McCoy, B. J. and Madden, A. J. 
(1969); and Hong, P. O. and Lee, J. M. (1983 and 1985)). The initial decrease in drop 
size is due to the fact that breakage rate dominates the coalescence during the initial 
period of liquid-liquid dispersion. After a transitional time of 30 minutes, a dynamic 
equilibrium is established during which the rate of breakage becomes equal to the 
rate of coalescence. The transitional time of 30 minutes seem to be comparatively 
longer than the values cited in the literature for other liquid-liquid systems ( few 
minutes ). As shown by Nilson, H et al (1985), the interfacial tension decreases 
relatively slowly with time in the presence of PVA as suspending agent. This slow 
decrease towards equilibrium may explain the relatively long time taken by the 
liquid-liquid system to stabilise, because the PVA molecules adsorbed at the Vinyl 
chloride-water interface take a certain time to rearrange themselves and protect the 
vinyl chloride droplets against coalescence. 
Hong, P. O. and Lee, J. M. (1983), in trying to relate analytically the residence time 
of the droplets (t) to the Sauter mean diameter ( D32 ), proposed the following 
relation: 
-1+ ae -a` [6.6] D3? 
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Fig - 6.16 - Vinyl chloride droplets dispersed in distilled water, stabilised by PVA 
( 72.5 % hydr. ) at 0.02 % concentration, after being stirred at 500 rpm for : A) -5 
min B) - 10 min C) - 20 min D) - 30 min E) - 60 min and F) - 120 min. 
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Where D"32 is a steady-state drop size ( constant for a given system ). For the latter 
equation to be valid, the plots of In (D32-D*32 / D*32) versus time should result in a 
straight line. Since (D32 - D*32 /D*32) is a dimensionless value, the time t can be 
transformed into a dimentionless value using instead Nt ( where N is the agitator 
speed ). Since the value of D32 after the transition time is constant, and to avoid 
having a negative value for ( D32-D*32/D*32), D*32 was taken as the average of the 
values of the Sauter mean diameters after transition time. This value was found to 
be equal to: D*32 = 29.19 µm. Fig - 6.19 - shows the variation of In (D32-D*32 / D*32) 
with (Nt). This plot shows a linear tendency confirming the validity of equation 
[6.6]. The coefficients a and i of the latter equation were found equal to 1 and 0.083 
respectively. 
6.2.3 Influence of the type of suspending agent on the drop size and size 
distribution of Vinyl chloride : 
In this series experiments, five types of PVA suspending agents with different 
degree of hydrolysis were used and their effects on the drop size and size distribution 
established. The experimental conditions were: CPVA = 0.02 %; t= 30 min and cp 
= 0.1. These suspending agents have been provided for us by E. V. C. They consist 
of : 
- Gohsenol S3 partly hydrolysed ( 84 %) PVA. 
- Gohsenol KH17 partly hydrolysed (78 %) PVA. 
- Alcotex spec"A" partly hydrolysed ( 72.5 %) PVA. 
- Alcotex "A55" partly hydrolysed ( 55 %) PVA. 
- Polyvic S202 partly hydrolysed PVA ( 50 % in methanol ). 
Partially hydrolysed PVAs are water soluble polymers mainly used as protective 
colloids for emulsion and suspension polymerisation as well as for stabilising 
liquid-liquid dispersions. The types of PVA used in our experiments have different 
degrees of hydrolysis as well as different molecular weights (see table - 5.5 -). But, 
as it has been suggested by Ormondroyd, S. (1988), that the changes in the degree 
of hydrolysis at a fixed molecular weight has more effect than changes in molecular 
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weight at a fixed degree of hydrolysis. As shown in Fig - 6.20 -a decrease in the 
degree of hydrolysis gives a lower surface tension, thus, a lower droplet size. Fig - 
6.21 - shows the drop size distribution at different agitation speeds for KH17 
suspending agent. It is evident from the latter figure that, an increase in the agitation 
speed does provide a narrow size distribution. Also it can be seen that, the drop size 
distribution is almost unaffected by the decrease of agitation speed from 650 to 350 
rpm. The same observation can be made about Fig - 6.22 -, with Alcotex spec "A", 
but in this case the agitation speed seems to have a stronger effect and the distribution 
is narrower. In contrast, Fig - 6.23 - shows that the agitation speed does not have a 
great influence on the size distribution when Alcotex "A55" is used as suspending 
agent. Also, the stability towards coalescence is very low. From Fig - 6.24 -, it can 
be seen that when S202 is used as a stabiliser, the drop size distribution is relatively 
narrow even at low agitation speed but, the stability towards coalescence is also low 
in this case. Thus, from these observations we can conclude that, a decrease in the 
degree of hydrolysis will lower the degree of stability of the droplets towards 
coalescence. The evolution of the drop size distribution with changes in the agitator 
speed using S3 as a suspending agent is shown in Fig - 6.25 -. As for the other 
stabilisers used, an increase in agitator speed decreases the drop diameter and 
narrows the size distribution. Also, a reduction in agitator speed from 650 to 350 
rpm is affecting neither the Sauter mean diameter ( as seen in table - 6.3 -) nor the 
size distribution ( see Fig - 6.25 - ). Thus, S3 stabiliser seems to provide a relatively 
bigger drop diameter with almost the same degree of stability as for other high 
degree of hydrolysis PVA's (i. e Alcotex spec. "A" and KH17). Fig - 6.26 - and Fig 
- 6.27 - show the variation of the mean drop diameter and the Sauter mean diameter 
with the degree of hydrolysis at three different agitation speeds ( 350,500 and 650 
rpm ). It is evident from these results that, by increasing the degree of hydrolysis the 
drop size is increasing ( except for "A55" were we had some problems dissolving it 
in the continuous phase ). This is mainly due to the decrease in surface tension as 
shown in Fig - 6.20 -. In fact, both the high degree of hydrolysis and the low degree 
of hydrolysis have their advantages when used as stabilisers for Vinyl chloride 
suspension polymerisation. The PVA with a high degree of hydrolysis gives a more 
stable drops while the PVA with a low degree of hydrolysis gives finer and more 
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Fig - 6.20 - Surface tensions for some aqueous solutions for Alcotex grades of 
partially hydrolysed PVA against concentrations typically used in PVC 
polymerisation. (The naming of the product follows the standard convention, i. e. 
Alcotex 88-08 is an 88 % hydrolysed with an aqueous solution viscosity of 8 cp 
measured at 20 °C for a4% wt. p / Wt\vater solution). [ after Ormodroyd, S. (1988)] 
139 
C. C2 0.04 0.05 0.08 0.10 0.12 C14 
60 
50 
40 
30 
20 
10 
N= 3S0 rym 
Drop ctiame: ez (um ) 
ioo 
so 
60 
I 
5 
A 40 
20 
N= 500 pm 
5 45 85 125 165 205 
Drop diameter (vm ) 
Co 080 
N= 650 rpm 
60 
40 
20 
-+ 2 05 Drop 6mmecx (um ) 
140 
120 Ns ? 50 rs 
100 
80 
60 
40 
20 
Drop dixrs: er ( ua 
Fig - 6.21 - Variation of Vinyl chloride droplet size distribution with agitator speed 
for PVA ( 80 % hydr. ) KH17. ( For conditions described in sub-section - 6.2.3 -) 
12- - 125 
140 
100 
so 
b 60 
40 
20 
N=350 v 
5 45 35 125 165 205 
.. pdiamesr (um) 
200 
150 
ioo 
c5 
50 
35 125 165 
200 
v 150 
Cl 100 
50 
N-650'pm 
Drop dxnecer (-) 
goo ö 
50 
i 
N= 500 rpm 
. op -mr (' ) 
N= 3io rpn 
5 45 35 125 165 205 
150 
rop --, (uci 
Fig - 6.22 - Variation of Vinyl chloride droplet size distribution with agitator speed 
for PVA (72.5 % hydr. ) Alcotex Spec. "A". (For conditions described in sub-section 
-6.2.3-) 
141 
80 
60 
40 
20 
a 
Drop hmu to (um ) 
200 
N6 350 rpm 
150 
. ", l00 
Ä 
50 
205 
0 
100 
80 
b 60 
40 
20 
0 
:I= 500 ým 
Dreg'5. m -(ý) 
120 
loo 
80 
2 60 
a 
40 
20 
0 
[{ - 55J ým 
Dý-p &- (-) 
Drop Sn¢ate: ( em 
Fig - 6.23 - Variation of Vinyl chloride droplet size distribution with agitator speed 
for PVA ( 55 % hydr. ) Alcotex "A55". (For conditions described in sub-section - 
6.2.3 -) 
142 
200 
150 
z 100 
50 
rr= 3s0: ß 
5 45 85 125 165 205 
Drop &ameter (um ) 
300 
250 
200 
I Z 150 
100 
.o 
N= 500 rpm 
ý- - -r RS 125 
Drop h=ctr(=) 
400 
b 300 
6200 
IOU 
N= 650 rpm 
126 
J: op ýScu: a (um ) 
FF-73 00 rpm 
ýýI 
300 
? 00 
I00 
? cp . ia2c: a (- ) 
Fig - 6.24 - Variation of Vinyl chloride droplet size distribution with agitator speed 
for PVA ( 47 % hydr. ) Polyvic S202. (For conditions described in sub-section - 
6.2.3 -) 
143 
100 
90 
80 
70 
60 
50 
ä 
40 
30 
20 
10 
0 
N= 330 rym 
4 
100 
90 
80 
70 
0 60 
I 50 D 40 
30 
20 
10 
0 
Drop da-tcc (m ) 
100 
90 
80 
70 
0 60 
1 50 
40 
30 
20 
10 
0 
100 
90 
90 
70 
C 60 
50 
40 
30 
20 
10 
0 
N=500 fpm 
i 
i 
5 45 85 125 165 255 
D. -P di-- C=) 
Nm 650 rpm 
45 45 
Drop, fi- (- ) 
rý -3 so Tý 
i: cp ýrc<: er (ý 
Fig - 6.25 - Variation of Vinyl chloride droplet size distribution with agitator speed 
for PVA ( 84 % hydr. ) S3. (For conditions described in sub-section - 6.2.3 -) 
144 
E 
INC 
z 
E 
Ln 
11 
z 
E 
kn 
II 
z 
OOOO C 
Cý Oc 
r 
r- tn 7t CIA 
ý1 
(unn). iolowrip do. zp uiaW 
145 
00 
O 
C. ' 
0o O 
Ü 
T to 
ý 
ý 
C 
O 
ý p O 
O O 
if) y C 
ý II 
CC 
Ü 
y II 
CC 
CA O 
O 
INC 
Ii 
z 
O 
O 
z 
CIO 
6-4 0 
II 
z 
Ný 
Ö 
Oc 
i 
ýýII 
ve. 14 
CD c N 
(uzn ) miau rnp uuauz nines 
it) 
00 
O 
00 
N 
ý- 
con 
r 
ö 
0 
"o Q 
tf -) 
lfý 
O 
vIj 
mot' 
N 
'. a 
. r, 
O 
U 
C 
:. d 
rM 
C/1 
Ö 
Op 
-C II 
ct 
oý 
ýU aý 
aý 'ý II 
L 
ct 
WO 
N 
1^ 
146 
porous particles. The primary ( high degree of hydr. ) and secondary ( low degree 
of hydr. ) are used in suspension polymerisation for this purpose. Therefore, the idea 
of using the two of them may have a better effect on the droplet size and stability. 
Table - 6.3 - Variation of the Sauter mean diameter with the agitator speed for S3 
suspending agent. 
N (rpm) 350 500 650 350 
D32 (µm) 96.09 64.99 56.73 56.45 
6.2.4 - Influence of the baffles on the droplet size and size distribution : 
An experiment was run in the same way as for the latter one but using an unbaffled 
reactor with Alcotex spec"A" as suspending agent. Fig - 6.28 - shows a relatively 
wide range in the drop size distribution ( compared to the experiment in baffled 
reactor in Fig - 6.22 -) which gets narrow as the agitation speed increases. Also, we 
note a good stability towards coalescence. This is mainly due to the quality of the 
stabiliser rather than to the baffles effect. The mean drop diameter and the Sauter 
mean diameter as a function of stirring speed are shown in Fig - 6.29 - and Fig - 6.30 
-. These graphs clearly show that, the dispersion in a baffled reactor produces a 
smaller drop size. They additionally, show the same behaviour towards the variation 
of agitation speed. It is well confirmed that, the use of baffles gives the system a 
relatively better homogeneity compared to an unbaffled tank. We can conclude that, 
when baffles are used, the drop size distribution become markedly more narrow for 
low agitator speed, while for high agitator speed the differences between baffled and 
unbaffled systems become less pronounced. 
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6.2.5 - Effect of the suspending agent concentration on the volume and size 
distribution of vinyl chloride droplets : 
In liquid-liquid mixing the suspending agent is said to be playing an important role 
in stabilising and controlling the droplet size. In the suspension polymerisation of 
vinyl chloride, the latter effects are seen to be of great importance, since they are 
believed to be determining the particle size as well as the porosity of the final polymer 
product. This series of experiments is intended to clarify the effect of suspending 
agent concentration on the drop size and stability, and to determine the necessary 
amount of PVA (Alcotex spec. "A", 72.5 % hydr. ) to be used in order to have a stable 
system. In total, eight experiments were performed using 0,0.002,0.005,0.01,0.015, 
0.02,0.1 and 0.2 % concentration of PVA. The volume fraction of the dispersed 
phase was 0.1. Fig - 6.31 - shows the variation of the drop size distribution with PVA 
concentration. As expected, an increase in PVA concentration did narrow the size 
distribution. This is due to the fact that at low PVA concentration, the droplets were 
not protected well enough to prevent their coalescence. Fig - 6.32 - shows the 
variation of the Sauter mean diameter ( D32 ) with PVA concentration at different 
agitation speeds. The latter figure shows that at low PVA concentrations, a sharp 
decrease in drop diameter ( D32 ) is observed when we increase the concentration of 
PVA. It, also, shows that there is a critical PVA concentration above which the drops 
are more or less stable and that this critical concentration does not appear to be greatly 
affected by the agitation speed. In the paper published by Borwankar, R. P. et al. 
(1986), they calculated the critical surface coverage using the expression : 
S- 
(1 
- 
4)D32Cc 
60 
[6.7] 
Where Cc is the critical concentration which was found to be equal to 0.012 %. The 
latter value was calculated from Fig - 6.32 -. It is the minimum PVA concentration 
necessary to obtain a constant drop size. Knowing the value of the critical 
concentration, we can calculate the critical surface coverage (Se) at different phase 
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hold-up and drop diameters. For a volume fraction of 0.1 and an agitation speed of 
500 rpm ( see Fig - 6.32 - ), we have D32 = 36.2 gm which gives a value of S, equal 
to 0.65x10-6 gr. /cm2. Table - 6.4 - presents the critical surface coverage at different 
agitation speeds for a volume fraction of 0.1 and a PVA (72.5 % hydr. ) concentration 
in the continuous phase of 0.02 %. 
Table - 6.4 - Critical PVA surface coverage at different agitation speeds ((p = 0.1 ) 
N(rpm) D32(µm) S, (gr. /cm') 
250 91.1 1.64x106 
350 61.5 1.11x10-6 
500 36.2 0.65x 10-6 
650 28.5 0.51x106 
800 21.8 0.39x 10-6 
Thus, the minimum PVA concentration to be used in vinyl chloride dispersion to 
produce stable drops is 0.012 %. Fig - 6.33 - to Fig - 6.37 - show the variation of the 
volume distribution with PVA concentration at 250,350,500 650 and 800 rpm 
respectively. These figures also confirm the fact that a narrow volume distribution 
is obtained when the PVA concentration is equal to 0.0 12 % or above. An increase 
in the latter parameter does not seem to have a great influence on the volume 
distribution. This may be due to the fact that the quantity of PVA adsorbed at the 
vinyl chloride-water interface is limited and that a further increase will just slightly 
change the properties of the continuous phase. The observations made above seem 
to confirm the results obtained by Borwankar, R. P. et al. (1986) on stabilised 
dispersions. When no stabiliser was used, it was not possible to take a stable sample 
into the sampling device. For this reason, the case when no stabiliser was added is 
not discussed here. 
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6.2.6 - Effect of phase hold-up on the volume and size distribution of vinyl 
chloride : 
Among the parameters that affect the drop dispersion is the volume fraction of the 
dispersed phase. In order to investigate its effects, a series of experiments were 
performed in which the volume fraction was the variable, leaving the other operating 
conditions unchanged ( see table - 5.6 - for details of quantities used and sub-section 
-5.2.3.3- for experimental conditions ). As shown in Fig - 6.38 -, which presents the 
variation of the drop size distribution at different phase hold-up, an increase in the 
volume fraction of the dispersed phase does give a wider size distribution. Because 
of the increase in the volume fraction of the dispersed phase, the probability of having 
two drops entering in collision increases. This increase in the number of collisions 
results in making the coalescence rate more important. Fig - 6.39 - shows the variation 
of the Sauter mean diameter ( D32 ) at different phase hold-up. This figure indicates 
that the size of the droplets increases when we increase the volume fraction due to 
an increase in the coalescence rate. Moreover, it shows that this increase is more 
pronounced at low agitation speed than at high agitation speed. Similar observations 
have been made by several other scientists for stabilised and non-stabilised droplets 
( Vermeulen, T. et al (1955); Coulaloglou, C. A. et al (1977) and Chaffey, C. E. 
(1991)). These observations are confirmed in Fig - 6.40 - to - 6.44 -, which show the 
volume distribution as a function of phase hold-up at different agitation speeds. For 
low agitation speeds ( 250 and 350 rpm), the volume distribution changes from a 
monomodal to a multimodal distribution while for high agitator speeds the volume 
distribution is mainly monomodal distribution. 
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( see table - 5.6 - for details ) 
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6.2.7 - Generalised correlation relating the steady state drop size to the vessel 
geometry, the volume fraction and the Weber number : 
The evolution of the drop size (Sauter mean diameter ) and the size distribution 
with changes in impeller speed, dispersed-phase volume fraction and the 
concentration of protective colloid have been shown to be relatively important. Thus, 
various investigators have tried to correlate the Sauter mean diameter to the latter 
parameters. The most common correlation used for a fully baffled turbulent vessel 
has the following form: 
-` [6.8] 
D3- 
=a (1 +b 4)W, D 
Were D is the impeller diameter and a, b and c are constants. The term (l+b (p) 
reflects the influence of the dispersed phase in damping down the overall level 
of turbulence in the system, while We is the Weber number of the liquid system. In 
order to determine the numerical values of the Weber number in relation to these 
experimental conditions, it was necessary to calculate the density of the liquid 
mixture as well as the interfacial tension at the VCM-water interface. The former 
was determined using the weighted average density equation shown in chapter - 
3-( equation [ 3.39 ] ). 
The interfacial tension was estimated by using a correlation relating the specific 
interfacial tension of Trichlorethylene/Gohsenol aqueous solution to the Vinyl 
chloride / Gohsenol aqueous solution ( see Fig - 6.45 - and Fig - 6.46 -). The latter 
figure have been provided to us by E. V. C. These correlation results have been 
obtained at an experimental temperature of 20 °C while our working temperature 
was 55 °C. Thus, the values of surface tension at 55 °C were extrapolated using the 
following equation (Perry, R. H. and Chilton, C. H. (1973)): 
'" ` _ [6.9] 
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FIG - 6.45 - Specific interfacial tension of Gohsenol solution against 
trichloroethylene at 20 °C by titrimetry ( jis-K-3362 ). ( data provided by the 
manufacturer ). 
0.6 
C 
m 0.5 
0 
Z 
U, 
0.4 
J 
T 
0.3 
0.2 Vinyl cnlpride/GOHSENOL so. sain. 
0'. 3 0.4 0.5 
FIG - 6.46 - Correlation of specific interfacial tensions. ( data provided by the 
manufacturer) 
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Were 6, and 62 represent the surface tensions at temperatures T1 and T2 (in °K ), 
and Tc is the critical temperature. This correlation is valid for non polar compounds, 
while for polar compounds the exponent in equation [6.9] may be as small as 1.0. 
As our compounds were polar, we choose to take the exponent equal to 1.1. For 
the calculation of the interfacial area, Antonof's rule was used ( with some 
approximations ). the latter rule states that : 
Gab = Ga - Gb [6.10] 
where ßQ and ßb are the surface tensions of the two saturated liquids a and b, 
and ßü,, is the interfacial tension between the two liquids. The results obtained are 
presented in table - 6.5 - 
Table - 6.5 - Values obtained for the density of the mixture (pt), the PVA 
concentration (CPVA) and the interfacial tension at different volume fractions : 
cp 0.01 0.05 0.10 0.20 0.30 0.40 
P. 984.24 978.41 971.13 956.56 941.99 927.42 
CPVA 0.030 0.032 0.033 0.037 0.043 0.050 
ß (mN/m) 
at20°C 
13.7 13.3 13.2 12.8 11.9 11 
6 (mN/m) 
at 55 °C 
14.47 14.04 13.94 13.52 12.57 11.62 
Fig - 6.47 - to Fig - 6.52 - show the variation of Sauter mean diameter with the 
Weber number to the power -0.6 at various values of volume fraction. The latter 
figures confirm the assumptions that a straight line should result from these data 
and that the slope of these straight lines are proportional to (l+b(p) as seen in Fig 
- 6.53 -. Fig - 6.54 - which shows the graphical presentation of the correlation, 
seem to be in good agreement with equation [ 6.8 ]. Thus, fitting our data to the 
latter equation gave the following correlation : 
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Fie, - 6.47 - Weber number variation with Sauter mean diameter for cp = 0.01. 
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Fig - 6.48 - Weber number variation with Sauter mean diameter for cp = 0.05. 
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Fig - 6.49 - Weber number variation with Sauter mean diameter for cp = 0.1. 
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Fig - 6.50 - Weber number variation with Sauter mean diameter for cp - 0.2. 
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Fig - 6.51 - Weber number variation with Sauter mean diameter for cp = 0.3. 
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Fig - 6.52 - Weber number variation with Sauter mean diameter for cD = 0.4. 
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CC 
cr, NN -- 
D2 
=0.027(1+3.064)W. 6 [6.11] 
This correlation is in agreement with correlations found by other workers for 
different types of liquid-liquid dispersions in baffled vessels. The value of b=3.06 
is of the same order as other workers values, while the value of a=0.027 is relatively 
small (in general for standard reactor tanks, the value of a is in the range 0.05 - 
0.08 ). This might be due to the geometry of our reactor ( the diameter is about half 
the height ). 
6.3 - Effect of mixing conditions on the coalescence rate between the vinyl 
chloride droplets (Dye experiments ): 
The drop size and size distribution of dispersed phase droplets in a liquid-liquid 
dispersion are mainly determined by the rates of breakage and coalescence. The 
former rate produces smaller droplets while the latter forms larger drops, hence, 
causing mixing within the dispersed phase. Thus, characterising these processes 
would help solve problems involving mass transfer and chemical reaction as in the 
case of suspension polymerisation. In trying to understand the effect of experimental 
conditions on coalescence rate, a variety of experimental approaches have been used 
in the past. Among these experimental methods the spread of a tracer dye was the 
most popular ( Miller, R. S. et al. (1963); Van Heuven, J. W. (1971) ; Komasawa, I. 
(1971); Verhoff, F. H. et al (1977) ; Coulaloglou, C. A. and Tavlarides, L. L. (1977) 
and Ross, S. L. et al (1978)). Most of the latter workers limited their studies to the 
determination of the average coalescence frequencies. 
The present study is an experimental approach in order to understand the relative 
effect of some experimental conditions on the rate of coalescence of the Vinyl 
chloride droplets. For this purpose, some extra VCM containing water insoluble, 
Sudan red B dye was added to preformed suspensions of VCM. The first parameter 
to be studied in this series of experiments was the residence time of the non-coloured 
droplets ( premixing time t; ). The aim was to determine the necessary residence 
time for the non-coloured droplets to become relatively stable toward coalescence. 
The concentration of suspending agent used (Alcotex Spec. "A" ) was 0.02 % and 
176 
the agitator speed 500 rpm. The procedure used consisted of mixing the non-coloured 
droplets and the continuous phase ( using the agitator) for a certain time t; and then 
adding the dyed Vinyl chloride monomer. Photographs were then taken at different 
time intervals and the ratio of the volume of the dyed droplets ( V, ) to the total 
volume of Vinyl chloride present in the reactor ( V; + Vc) determined. The results 
obtained are plotted in Fig - 6.55 - which shows the variation the latter ratio with 
the residence time of the mixture t( coloured + non-coloured) at different premixing 
time t; ( residence time of the non-coloured droplets prior to the addition of the 
colored VCM ). The figure shows that the rate of coalescence for small values of 
premixing time t; (5 and 15 minutes ) is relatively high, while for values of t; equal 
or above 30 minutes, the coalescence rate is lower. This is due to the fact that the 
premixing time necessary for the drops to become relatively stable is about 30 
minutes ( see Vinyl dispersion section in this chapter ). The shape of the curves 
drawn on the latter figure, also show that there are two different stages, a first stage 
of relatively high coalescence rate for residence times of less than 30 minutes, and 
then a second stage where the coalescence rate is less important. Also, the latter 
effect is more pronounced when the premixing time was small. This phenomenon 
is quiet understandable because, even when the non-coloured droplets are stable, the 
added dyed droplets are not and need the same residence as the non-coloured drops 
to become stable and, thus, become more protected against coalescence. 
The second parameter to be studied was the effect of suspending agent concentration 
( CPVA) on the coalescence rate. For this, the non-coloured droplets were premixed 
( at 500 rpm) for 30 minutes before forcing the dyed VCM into the reactor. Four 
experiments were performed using PVA concentrations of 0.002,0.01,0.02 and 
0.1 % respectively. Fig - 6.56 - shows the variation of Vc /( Vc + V; ) with residence 
time t at different PVA ( 72.5 % hydr. ) concentrations. From the latter figure we 
distinguish two different set of curves. For low PVA concentrations ( i. e CPVA = 
0.002,0.01 % ), most droplets coalesce after 15 minutes. This is due to the fact 
that the quantities of PVA available in the continuous phase is not enough to protect 
the VCM droplets ( the critical concentration was found to be about 0.012 %, see 
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sub-section - 6.2.5 - ), adding to the instability of the dyed droplets at the initial 
stages. At relatively high PVA concentrations (VPVA = 0.02,0.10 % ), the coalescence 
rate seem to be much lower because of the availability of a necessary amount of 
PVA molecules to cover the droplets and protect them against coalescence. These 
results confirm the previous results and assumptions concerning the fact that the 
amount of stabiliser plays an important role in controlling the coalescence rate as 
well as the droplets size and size distribution. 
The third parameter to be studied was the effect of turbulence intensity on the 
coalescence rate. The experimental procedure used in these experiments was similar 
to the latter one (i. e 30 minutes for premixing time ). The concentration of PVA 
used was 0.02 %. Three experiments were performed using an agitator speed of 250, 
350 and 500 rpm respectively. Fig - 6.57 - shows the variation of V; /( V': + V; ) with 
time at different agitator speeds. From the latter figure, it was observed that for an 
agitator speed of 500 rpm the coalescence rate is relatively high ( all the droplets 
became coloured after 90 minutes ) while for lower agitator speeds (N= 250 and 
350 rpm) the coalescence rate is quite low. These results show that an increase in 
the turbulence intensity increases the breakage rate as well as the coalescence rate. 
It is, also, interesting to note that for an agitator speed of 500 rpm, the coalescence 
rate has decreased after a residence time of 30 minutes ( two different slopes on the 
curve) while for lower agitator speeds the latter effect is not observed. Fig - 6.58 - 
shows the mixing that happens when the dyed vinyl chloride droplets are added to 
a preformed non-coloured suspension. In conclusion, from these series of 
experiments it was found that the coalescence rate rises relatively slowly with 
residence time (t) and pre-mixing time ( t; ), is roughly proportional to the agitator 
speed and decreases sharply when increasing the concentration of suspending agent. 
6.3.1 - Coalescence rate study using KH17 as a suspending agent ( dye 
experiment ): 
This experiment was performed in order to study the coalescence rate when 
KH17 is used as stabiliser. The experimental procedure was the same as described 
in the last section. The non-coloured Vinyl chloride droplets ( 100 grams) were 
180 
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Fig - 6.58 - Dyed Vinyl chloride droplets added to preformed suspensions at different 
residence time of dyed VCM. With N= 250 rpm and CPVA =0.02%. A)-5 min 
B)-15min C)-45min D)-60min E)-90min F)-150min. 
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premixed at 350 rpm for 30 minutes in order to stabilise the droplets. Then about 
30 grams of dyed droplets was forced into the reactor. Samples of the mixture were 
taken into the optical cell and photographed at different time intervals (see Fig - 
6.58A -) and the total volume of coloured and non-coloured drops determined. The 
results obtained are shown in Fig - 6.59 - which shows the variation of V, /( Vc + 
V; ) with residence time (t) of the dyed droplets. Also plotted on the same figure, 
are the results obtained using Alcotex spec. "A" as stabiliser. This figure shows 
that KH 17 is much more efficient in stabilising the VCM droplets as the coalescence 
rate is relatively very low compared with Alcotex spec. "A" stabiliser ( which 
was supposed to be a very good stabiliser ). During the initial stages of the mixing 
operation (i. e up to about 45 minutes ), The two curves show a more or less similar 
coalescence rate but later (i. e for a mixing time of more than 45 minutes ), the 
coalescence rate for KH17 and Alcotex spec. "A" become proportional to the 
residence time and decrease for KH17 while increasing for Alcotex spec. "A". Thus, 
in order to enhance the segregation between the VCM droplets it is preferable to 
use KH17. 
6.4 - PVA (ALCOTEX spec. "A") adsorption on Vinyl chloride monomer 
droplets : 
The use of surface active agents for the manufacture of polymer particles by 
suspension and emulsion polymerisation routes is very important. In suspension 
polymerisation, the initial monomer droplets are stabilised, mainly, using water 
soluble non-ionic macromolecules such as partially hydrolysed poly(vinyl acetate). 
The steric repulsion forces due to the adsorbed layer of PVA at the monomer-water 
interface increase the interfacial strength, thus, reducing the coalescence rate between 
the droplets. Despite its importance, the adsorption of macromolecules at a 
liquid-liquid interface has received very little attention. 
The aim of these experiments is to investigate the kinetic mechanism of PVA 
adsorption on the vinyl chloride-water interface for different experimental 
conditions. In all these experiments, the stabiliser used was PVA type Alcotex 
Spec. "A" 72.5 % hydrolysed and the temperature of the liquid-liquid mixture was 
55 T. 
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Fig - 6.58A - Dyed VCM droplets added to preformed suspensions at different 
residence time of dyed droplets, stabilised using KH 17. With N= 350 rpm and CPVA 
= 0.02 %. A) -5 min B) - 15 min C) - 45 min D) - 90 min E) - 150 min 
F) - 210 min 
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6.4.1- Effect of residence time on PVA ( 72.5 % hydr. ) adsorption on VCM 
droplets: 
The aim of this experiment was to study the effect of residence time of the VCM 
droplets on the PVA adsorption. The continuous phase was premixed for about ten 
minutes to dilute the PVA ( from an initial solution of 2% to a solution of 0.02 
% ). After deaeration ( removal of 02 ), the reactor was heated up to 55 °C and then 
100 grams of VCM was forced into the reactor and mixed at 350 rpm. Samples of 
the continuous phase were taken after 5,15,30,45,60,90, and 120 minutes 
respectively and analysed for PVA concentration using a UV / VIS method described 
in chapter -5-. Knowing the initial PVA concentration, it is possible to determine 
the quantity of PVA at the VCM / water interface. The results obtained are presented 
graphically in Fig - 6.60 -. The latter figure shows the variation of PVA adsorbed 
on VCM with residence time. The % of PVA adsorbed is calculated as [ (% PVA; n; t; a, 
)-(% PVAf; 
°a, 
) ], where t represents the residence time. The figure shows a relatively 
high adsorption rate at the initial stage and then a plateau indicating either a 
"saturation" of the interface or an equilibrium between the amount adsorbed ( about 
0.0035 %) and the amount remaining in the water ( about 0.0 165 %)( the addition 
of these two percentages gives the initial % of PVA in the continuous phase ). The 
surface coverage also shows the same shape except that in this case the "saturation" 
is reached more quickly with a surface coverage of 2.8 mg. /m2. The time required 
to reach equilibrium is quite low ( less than 5 minutes ) compared with the time 
needed by the Vinyl chloride droplets to reach equilibrium ( 30 minutes ). This 
difference in equilibrium time for the drop size and PVA adsorption could be 
explained using the mechanism of PVA adsorption suggested by Nilson, H. et al 
(1985). He suggested that PVA molecules diffuse more or less instantly into the 
interface, though not in their most favorable conformation and then rearrange 
themselves by unfolding. Thus, the delay in reaching a steady state for droplets 
(compared with the adsorption steady state) is due to the fact that although the 
equilibrium adsorption is reached quickly, the rearrangement and spreading ( or 
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unfolding) of the PVA molecules at the interface does take some time. consequently, 
the time necessary for unfolding and rearrangement of the PVA molecules at the 
Vinyl chloride-water interface is likely to be equal to the minimum time necessary 
for the dispersion to reach a steady state. Furthermore, as mentioned by Lankveld, 
J. M. G. and Lyklema, J. ( 1972 ), the stability of a dispersion is affected by the rate 
of adsorption as well as the rate of unfolding of the PVA molecules at the interface. 
6.4.2- Effect of turbulence intensity and drop size on the interfacial adsorption 
of PVA on the VCM/water interface: 
This set of experiments is concerned with the study of the effect of agitator 
speed and drop size D32 on the amount of PVA adsorbed at the VCM droplets-water 
interface. The initial PVA concentration was 0.02 %( based on water ). For this 
purpose five experiments were performed using an agitator speed of 250,350, 
500,650 and 800 rpm respectively. The residence time of the droplets was 120 
minutes for all these experiments. Samples of the continuous phase were taken at 
the end of each experiment and the PVA concentration determined as described 
in chapter -5-. The results obtained are shown in Fig - 6.61 - and Fig - 6.62 -. these 
figures show the variation of PVA adsorbed on VCM droplets with agitation 
speed and the drop size ( D32 ) respectively. The former figure shows that by 
increasing the agitation speed the % PVA adsorbed increases sharply up to 500 rpm 
and then slowly afterwards. This increase in % PVA adsorption is due to an increase 
of the interfacial area as the VCM droplets get smaller. The surface coverage curve 
shows an increase up to 500 rpm and then a slow decrease. The latter curve shows 
a maximum surface coverage of 4.4 mg. /m' at 500 rpm. It is probable that the slow 
decrease observed for high agitator speed is due either to an experimental error or 
to a small PVA desorption ( due to a relatively high turbulence intensity ?) and 
that in fact the curve is a plateau in that area. It is also possible that some of the PVA 
got absorbed ( PVA with low degree of hydrolysis is slightly soluble in VCM ) inside 
the VCM droplets. Fig - 6.62 - was plotted using the results obtained from Fig - 6.61 
-( PVA adsorbed) and Fig - 6.13 - (D32 vs N ). It shows that by increasing the drop 
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diameter, both the % PVA adsorbed and the surface coverage decrease. As for Fig 
- 6.61 -, the maximum surface coverage observed in Fig - 6.62 - is probably due to 
the same effect. 
6.4.3- Effect of initial PVA concentration in the continuous phase on the quantity 
of PVA adsorbed at the VCM / water interface: 
The aim of this set of experiments was to investigate the variation of the quantity 
of PVA adsorbed at the VCM water interface with the initial concentration of PVA. 
Six experiments were performed using an initial concentration of PVA of 0.002, 
0.01,0.02,0.05,0.1 and 0.188 % respectively (Wt. pvA / Wt. Water 
). The agitator speed 
was 350 rpm and the residence time was 120 minutes. At the end of each experiment 
a sample of the continuous phase was taken and its PVA concentration determined. 
The results obtained are shown in Fig - 6.63 -. Both the variation of % PVA 
adsorbed and the surface coverage are showing roughly the same shape. They show 
an initial increase in adsorption up to 0.02 % PVA concentration then a first plateau 
from 0.02 % to 0.05 %. This might be due to the saturation of the first interfacial 
layer. A second increase in PVA adsorption is observed between 0.05 % and 0.1 
% PVA concentration and then another plateau which probably represents the 
saturation of a second PVA layer. This multilayer characteristic was observed before 
by Lankveld, J. M. G. and Lyklema, J. (1972) for some types of PVA. Goodall, A. R. 
and Greenhill-Hooper, M. J. (1990), used a monodisperse polystyrene as a polymer 
bed to measure the adsorption isotherms for two types of partially hydrolysed PVA. 
They found that the system reaches a first plateau before increasing again, indicative 
of a multilayer adsorption. These authors did not comment on the PVA adsorption 
mechanism. The multilayer adsorption mechanism observed in our experiments 
could be explained as follows : 
i) - For low PVA concentrations, the PVA molecules diffuse and adsorb into the 
VCM / water interface. As the number of molecules adsorbed is relatively low 
compared to the size of the interface, the PVA molecules will rearrange themselves 
by infolding as well as replacing the less surface-active groups by more hydrophobic 
ones, thus, having a larger number of segments per PVA molecule in the interfacial 
region ( Zwick, M. M. (1965) and Chatzi, E. G. et al. (1991)). This mechanism might 
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apply for the first adsorbed layer. 
ii) - When the first layer is saturated ( first plateau on the graph ), an increase in 
PVA concentration in the continuous phase will allow more molecules to diffuse 
and be adsorbed at the VCM / water interface in a random manner. Because the free 
interface is relatively small these molecules will not be able to rearrange and unfold, 
thus, staying in a less favorable conformation. This mechanism might apply for the 
second adsorbed layer. 
Although the results presented in Fig - 6.63 - look convincing, more experiments 
should be done in order to confirm the presence of a multilayer system using 
different PVA concentrations (i. e 0.03,0.04,0.06,0.08,0.12,0.14 and 0.016 % ). 
6.4.4- Effect of VCM volume fraction on the variation of PVA adsorbed at the 
VCM / water interface: 
This fourth series of experiments was performed in order to study the effect of 
phase hold-up on PVA adsorption. For this purpose, four experiments were carried 
out using in every experiment the same amount of PVA ( 0.5 gram of Alcotex 
Spec. "A" ). For each experiment, the agitator was run for 120 minutes at 350 rpm 
and then a sample was taken and analysed for PVA concentration. The results 
obtained are presented in Fig - 6.64 - which shows the variation of PVA adsorbed 
with volume fraction. The figure shows a practically linear increase of % PVA 
adsorbed with volume fraction while the surface coverage curve shows an increase 
in surface coverage with volume fraction up to 8.5 mg. /m2 and then a slow decrease 
(7.9 mg. /m2 ). By increasing the volume fraction, the interfacial area decreases (due 
to the increase in the drop size) ( see sub-section - 6.2.6 - ), thus, more PVA molecules 
are available in the continuous phase per unit area. The slow decrease in the surface 
coverage for the high volume fraction ((p = 0.4) might be due to experimental error 
while in fact there is a saturation of the interface ( the saturation value of surface 
coverage was found in the last section to be equal to about 10 mg / m2 for a multilayer 
adsorption ). 
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6.5 - Polymerisation experiments: 
Because of the insolubility of the polymer in its monomer, the polymerisation of 
Vinyl chloride monomer is categorised as a heterogeneous process. It involves 
several physical transitions throughout the course of the polymerisation. In 
suspension polymerisation, each droplet behaves as a mini-bulk reactor. During the 
initial stages, small entities known as primary particles are formed inside the droplets. 
Their growth and subsequent aggregation mechanisms are responsible for the internal 
morphology of the final particles. Because of the carcinogenic aspect of the Vinyl 
chloride monomer, scientists have been looking for ways of decreasing the free 
monomer content in the PVC particles. The straight forward method is to increase 
the porosity of the particles, thus, controlling their morphology. 
The object of the work presented in this section is to study some aspects of droplet 
formation and subsequent droplet agglomeration for different experimental 
conditions as well as to determine the influence of condenser operation on the PVC 
grain formation. A number of polymerisation experiments ( using styrene and later 
Vinyl chloride as monomers ) were performed in order to determine the best 
experimental conditions to be used. For all the experiments performed (unless stated 
otherwise ) the reaction temperature was 55 °C while the agitator speed was 350 
rpm. The initiator concentration ( X50 ) was 0.175 % (Wt. x50 / Wt"VCM )" The volume 
fraction of the dispersed phase was 0.1 and the PVA ( Alcotex spec. "A" ) 
concentration was 0.06 %( Wt. PVA / Wt-water ") 
6.5.1 - Effect of polymerisation conditions on the vinyl chloride droplets 
morphology and uniformity : 
The aim of this series of experiments is to show the different stages of VCM 
suspension polymerisation as well as to study the effect of the method of addition 
of initiator on the morphology and uniformity of the polymerising Vinyl chloride 
droplets. In each experiment, samples were forced into the pressurised optical cell 
and photographs were taken at different stages of the polymerisation. Fig - 6.65 - 
shows vinyl chloride suspension polymerisation at the early stages of the reaction. 
In the latter experiment the initiator was suspended in the continuous phase ( this 
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Fig - 6.65 - Changes occurring in Vinyl chloride droplets during early stages of 
suspension polymerisation ( (p = 0.1; N= 350 rpm; X50 conc. = 0.175 %; PVA conc. 
=0.06%andT=55°C). A)-5min B)-l0min C)-20min D)-60min. 
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method of addition of initiator is used in the industrial manufacture of suspension 
PVC ) and a certain amount of reflux was occurring through the lid of the reactor 
( the lid was not heated ). It can be seen from the four photographs, that the droplets 
are not uniform as some polymerised while others did not. Photograph A shows the 
stable and uniform primary particles formed after a reaction time of 5 minutes. These 
growing primary particles are thought to be stabilised by electrostatic forces due 
to the presence of chloride ions (Rance, D. G. and Zichy, E. L. (1979) and Davidson, 
J. A. and Witenhafer, D. E. (1980)). These negative charges are evenly adsorbed at 
the polymer / monomer interface. Photograph B shows the second stage of the 
polymerisation, when the primary particles reached a critical size above which, 
the stability due to electrostatic forces is inhibited and the primary particles ( or 
agglomerates at this stage ) coagulate to form a "cloud". Photograph C shows that 
most of the primary particles have coagulated and formed a more or less continuous 
"cloud" inside the droplet. After 60 minutes (photograph D)a close packing within 
the droplets is formed. The shape of the final PVC particle is defined at this stage 
( if enough stabiliser is used to protect the drops ). This mechanism is similar to the 
one proposed by Smallwood, P. V. (1989) ( see Fig - 3.18 - ). In order to study the 
effect of the method of addition of initiator on the polymerising VCM droplets two 
experiments were performed using the same experimental conditions as the latter 
ones. In the first experiment, the initiator was predissolved in the monomer and then 
poured into the continuous phase for mixing and polymerisation. In the second 
experiment the initiator was first predispersed in the continuous phase and then the 
monomer was added. For each experiment samples were forced into the optical cell 
at different reaction times ( 5,20 and 60 minutes respectively ) and photographed. 
The results obtained are shown in Fig - 6.66 -. The photographs presented in the 
latter figure represent samples of vinyl chloride droplets during suspension 
polymerisation at different reaction times for both methods of addition of initiator. 
We can see that when the initiator is predissolved in the VCM, the polymerisation 
occurs uniformly in all the droplets , while 
if the initiator is just dispersed in the 
continuous phase, the polymerisation does not occur uniformly inside the droplets. 
These results show that the diffusion of initiator from the continuous phase into the 
VCM droplets is not instantaneous. They, also, show that the coalescence rate 
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Fig - 6.66 - Effect of the method of addition of initiator on the uniformity of the 
Vinyl chloride droplets during suspension polymerisation (cp = 0.1; N= 350 rpm; 
X50 conc. = 0.175 %; PVA conc. = 0.06 % and T= 55 °C ). 
A) -Initiator predissolved in VCM. Al) -5 min A2) - 20 min A3) - 60 min. 
B) -Initiator dispersed in the continuous phase. Bi) -5 min B2) - 20 min B3)- 
60 min. 
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between the droplets is relatively low at the early stages of the polymerisation as the 
initiator is not spreading rapidly between the VCM droplets. The effect of the method 
of addition of initiator on the PVC particle size distribution is shown in Fig - 6.67 
-. The size distributions shown in the latter figure were taken for PVC particles which 
were polymerised for 60 minutes and then the reaction was stopped and the PVC 
particles filtered and dryed. A sample of PVC particles was then ultrasonically 
dispersed in distilled water ( wetting of the PVC particles was improved by adding 
a proprietary surfactant type Brij - 35 ) and then analysed using a coulter LS 130 laser 
sizer. When the initiator was dispersed in the continuous phase a certain amount of 
latex particles ( particles of a size < 10 pm ) were observed in the final product ( see 
Fig - 6.67 A-). This confirms that emulsion polymerisation is also taking place. 
This might be due to the fact that when the VCM diffuses into the continuous phase 
( though in very small quantities ) it polymerises using the free dispersed initiator 
which did not move into the VCM droplets forming latex particles. When the initiator 
was predissolved in the VCM prior to polymerisation the particle size distribution 
does not show any latex formation ( see Fig - 6.67 B-). It also shows the existence 
of few large PVC particles probably formed by the coalescence of smaller ones when 
the reaction was stopped. Thus, the method of addition of initiator plays an important 
role in determining the degree of uniformity of the final PVC particles (i. e. size, 
size distribution, porosity and degree of conversion ). These effects will be studied 
further in the next sub-section to determine whether or not the conversion is also 
affected by the method of addition of initiator. 
6.5.2 - Effect of method of addition of initiator on conversion: 
The aim of this series of polymerisation experiments was to investigate the effect 
of the method of addition of initiator on the degree of conversion of the VCM 
monomer. For this purpose, two sets of experiments were performed. The first set 
of experiments consisted of determining the conversion vs time using X50 initiator 
predispersed in the continuous phase as well as the investigation of the kinetic of 
adsorption of PVA (Alcotex Spec. "A" ) at the droplet / water interface during the 
suspension polymerisation reaction. The second set of experiments was aimed to 
compare the conversion vs time values of the latter curve with those determined 
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Fig - 6.67 - suspension PVC particle size distribution ( reaction time 60 minutes, 
PVA conc. = 0.06 %, X50 conc. = 0.175 %, T= 55 °C and N= 350 rpm) for : 
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when X50 was predissolved in VCM prior to reaction. For all the reactions above, 
the experimental procedure used was as follows: A certain amount of PVA ( Alcotex 
spec. "A" ) was predissolved in 1 litre of distilled water [ about 0.06 % (Wt. PVA 
Wt"waw, ] and then poured into the reactor. The continuous phase was maintained 
at about 15 °C using cooling water ( through the reactor jacket ). Then 0.7 grams of 
initiator X50 in a stabilised water suspension ( 0.175 % Wx50 / WVCM) was added 
into the continuous phase and stirred. The reactor was then sealed and deaerated 
using Nitrogen. 100 grams of VCM were then forced into the reactor and the agitator 
run at 350 rpm. The reaction mixture was then heated up to 55 T. The suspension 
polymerisation reactions were run for a reaction time of 15,30,45,60,90,120, 
150,200,250 and 300 minutes respectively ( separate reactions ). At the end of each 
reaction, the stirrer was stopped for about 4 minutes (to allow the droplets to separate 
from the continuous phase) and a sample of the continuous phase was taken and 
analysed for PVA concentration. The stirrer was then run at 350 rpm while the venting 
was taking place. The PVC product was then filtered, dryed and weighted. The 
same procedure was used for the second set of experiments except that the initiator 
X50 ( solid powder ) was predissolved in the VCM prior to reaction. Fig - 6.68 
- shows the variation of VCM conversion into PVC with reaction time. It shows 
that for the same reaction time, by predissolving X50 in VCM, the conversion is 
increased significantly. This is due to the fact that the initiator is uniformly 
distributed between the VCM droplets. This enables them to polymerise uniformly 
from the beginning of the reaction. This was not the case when the initiator was 
predispersed in the continuous phase because some drops did not get enough initiator 
to polymerise uniformly and were at different degrees of conversion. They have to 
wait for a relatively long time to get some initiator, either from the continuous phase 
( latex particles, diffusion of free radicals ) or by coalescing with other polymerising 
VCM droplets at later stages of the polymerisation reaction. Table - 6.6 - shows 
the percentile particle sizes by cumulative % volume for each polymerisation 
conversion when X50 was dispersed in the continuous phase. The results presented 
in the latter table show that above 20 % conversion, the coalescence between the 
polymerising droplet becomes very significant and that an addition of a secondary 
stabiliser might help maintain a relatively constant drop size throughout the 
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polymerisation reaction. The results of particle size distributions for different 
conversion rates are presented in appendix 6. These results show a more or less 
mono-modal distribution with the maximum particle diameter moving towards 
higher values for higher conversions. 
Table - 6.6 - The percentile particle sizes (in µm) by cumulative volume for different 
conversions (cp = 0.1; N=350 rpm; CPVA ( 72.5 % hydr. ) = 0.06 %; X50 concentration 
=0.0175%) 
Conversion (%) 10 % 25 % 50 % 75 % 90 % 
3.4 8.153 24.63 48.77 78.63 113.8 
7.2 25.38 40.56 62.33 89.73 121.5 
13 29.96 44.79 67.71 105.2 153.1 
20.8 33.34 51.64 83.34 135.8 199.7 
34.5 60.41 95.49 160.1 247.1 330.5 
54 58.05 115.6 252.8 420.3 605.7 
90 127.7 241.7 354.2 458.9 554.6 
The kinetics of PVA adsorption on the VCM / water interface during suspension 
polymerisation is shown in Fig - 6.69 -. It shows the variation of PVA concentration 
in the continuous phase with the polymerisation reaction time. From the later figure 
we observe a sharp decrease in PVA concentration in the continuous phase at the 
early stages of the conversion ( during the first five minutes ) where about half the 
initial PVA is adsorbed and then a slow steady decrease afterwards. When the reaction 
is completed (i. e. = 90 % conversion ), about 95 % of the initial PVA is adsorbed 
at the interface. The initial sharp decrease in the PVA concentration in the continuous 
phase is probably due to the formation of the thin "skin" at the droplets interface 
at the very early stages of the polymerisation (= 2% conversion ). Allsopp, M. W. 
(1981) suggested that the relatively high adsorption rate ( compared with the case 
when reaction is not taking place, see section - 6.4 -) is due to the nature of the 
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interfacially adsorbed polymer, which lowers the covering power of the PVA, thus, 
more is adsorbed from the aqueous phase. The skin formation is believed to be 
formed of a graft copolymer ( PVA-PVC ) transforming the adsorbed stabiliser 
(PVA) into a rigid layer of about 10 nm thickness (Eliassaf, J. (1974)). Fig - 6.70 - 
shows the variation of PVC porosity (measured using the cold plasticiser method) 
with the degree of conversion. It shows a linear decrease in porosity when 
conversion increases. The results obtained are in good agreement with the findings 
of other workers ( Smallwood, P. V. (1985)). When the conversion increases, the 
volume of free Vinyl chloride monomer inside the droplets decreases, thus, the 
primary particles inside the droplets increase in size and become subjected to strong 
capillary forces which force them to fuse together. This fusion of the primary particles 
together with the shrinking of the vinyl chloride swollen PVC particles ( this takes 
place after 70 % conversion) are the main causes for the decrease in PVC in porosity. 
Fig - 6.71 - shows photographs of PVC particles analysed using SEM ( scanning 
electron microscope) technique. These particles were produced by predispersing 
the initiator ( X50 suspensions ) in the continuous phase prior to the addition of 
Vinyl chloride monomer and polymerisation. Because some droplets get more 
initiator than others, the final product is a mixture of non-uniform particles with 
some perfectly spherical while others totally collapsed. When the initiator is 
uniformly distributed ( X50 solid predissolved in VCM ), the final particles are more 
uniform in shape as seen in Fig - 6.72 -. In both cases, the outside surface is relatively 
smooth and there are some latex particles adhering to the surface of the "normal" 
particles. Also, we can observe a uniform distribution of the macropores at the surface 
of the particles. 
6.5.3 - Polymerisation experiments using KH17 as stabiliser: 
The influence of the type of initiator was studied using KH 17 suspending agent 
instead of Alcotex spec. "A". The experimental procedure was the same as above 
except that the initiator ( X50 solid) was predissolved in VCM. The concentration 
of stabiliser ( KH17 ) used was 0.06 %( Wt. KH / Wt-water ). The suspension 
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Fig - 6.71 - SEM photographs of suspension PVC particles produced using 
suspended X50 predispersed in the continuous phase. 
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Fig - 6.72 - SEM photographs of suspension PVC particles produced using X50 
solid initiator predissolved in the Vinyl chloride monomer phase. 
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polymerisation reaction was run for 180 minutes and samples were withdrawn into 
the optical cell and photographed at different time intervals. Fig - 6.73 - shows 
the drop behaviour at the different stages of the Vinyl chloride suspension 
polymerisation. From the latter figure, we observe that the droplets are bigger and 
more uniform in size than when using Alcotex spec. "A". The internal morphology 
seem to be similar to the droplets produced using Alcotex spec. "A" stabiliser up to 
a reaction time of 90 minutes, then the PVC particles start loosing their smooth 
spherical shape and begin adhering to each other. The analysis of the final PVC 
particles using SEM technique is shown in Fig - 6.72 - which shows an 
agglomeration of PVC particles (photograph A) and a view of the surface of one 
of the particles ( photograph B ). The surface looks very rough which shows that 
KH 17 might be a good stabiliser at the early stages of the polymerisation but once 
the PVC particles are formed, the thin "skin" at the surface of the particle is not rigid 
enough to preserve its shape beyond a certain conversion stage. The porosity of the 
final PVC particles was relatively low ( using the cold plasticiser technique the 
porosity was found equal to 14.05 % for a polymerisation conversion of 80 %). 
When the initiator was predispersed in the continuous phase the porosity of the final 
PVC grains decreased to 8.45 % and the conversion was 65 %. Thus, an addition of 
a secondary stabiliser such as Alcotex spec. "A" at some stage of the polymerisation 
reaction might keep the droplets stable for a longer time ( until they become rigid 
enough to overcome interfacial pressures ). Also, the use of a mixture of suspending 
agents ( KH17 and Alcotex spec. "A" ) from the beginning of the polymerisation 
reaction could produce PVC particles with a more uniform size and a smooth surface. 
The KH17 stabiliser enhances the uniformity of the initial VCM droplets while 
Alcotex spec. "A" provides the rigidity needed for the outside skin as well as 
conserving the final shape of the PVC particles. 
6.5.4 - Effect of condenser operation during suspension polymerisation on the 
particle morphology and properties: 
The aim of this series of experiments was to study the effect of condenser operation 
during Vinyl chloride suspension polymerisation on the VCM drop behaviour. The 
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Fig - 6.73 - Changes occurring in vinyl chloride 
droplets during different stages 
of suspension polymerisation using KH 17 as stabiliser ( X50 predissolved in the 
VCM with no reflux occurring ), a) 15 min. b) 30 min. c) 45 min. d) 60 min. 
e) 90 min. f) 120 min. 
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Fig - 6.74 - SEM photographs of suspension PVC particles stabilised using 
KH17 
( X50 predissolved in VCM ). a) PVC particles b) scanning of a surface of a PVC 
particle. 
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reflux system used, as well as the operational procedure, were described in 
chapter -4-. The condenser temperature was maintained at 20 °C. The first set of 
experiments was devoted to the study of the effect of reflux rate on the drop 
morphology and on the properties of the final particles. For this purpose, three 
experiments were performed using a reflux rate of 1.5,3 and >3 drops / second 
respectively. It was observed that by increasing the reflux rate, the final conversion 
( the final conversion is the conversion obtained after 3 hours polymerisation time 
) decreases ( the degree of conversion was 77,62 and 60 % for reflux rates of 1.5, 
2 and >3 drops / second respectively ). The porosity of the PVC particles was 
determined and found to be relatively high compared with particles obtained when 
the reflux is not occurring. These results are presented in table - 6.7 -. 
Table - 6.7 - Variation of Vinyl chloride monomer conversion and final PVC particles 
porosity with reflux rate : 
reflux rate ( drops / second) 0 1.5 2 >3 
conversion (%) 81 77 60 62 
porosity ( %) 23.5 28.02 28.1 31.69 
Also, by increasing the reflux rate the number of latex particles increased 
considerably. For this reason, it was necessary to centrifuge the final reaction 
mixture before filtration (in order to avoid blockage of the filter ). Fig - 6.75 - 
shows the latex particles produced during PVC suspension polymerisation 
using a reflux rate of 1.5 drop / sec. These latex particles look to be spread over a 
relatively wide size range and have a more or less spherical shape. From the 
photographs taken during reaction ( see Fig - 6.76 - ), it was observed that although 
the rate of coalescence was very low at the early stages of the suspension 
polymerisation, some of the refluxed droplets were acquiring initiator and 
polymerising. There are probably three main possibilities (excluding coalescence) 
by which the "fresh" VCM droplets coming from the condenser might acquire 
initiator: 
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Fig - 6.75 - SEM photographs of 
latex PVC particles during suspension PVC 
reaction using reflux condenser ( reflux rate 1.5 drop / sec. ). 
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Fig - 6.76 - Changes occurring in vinyl chloride 
droplets during early stages of 
suspension polymerisation with reflux ( reflux rate >3 drops / sec. ) a) 15 min. b) 
30 min. c) 45 min. d) 60 min. 
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a)- By diffusion of the initiator through the continuous phase into the fresh VCM 
droplets. 
b)- By the interaction of the latex particles present in the continuous phase with the 
fresh VCM droplets. 
c)- By the diffusion of free radicals from an "old" drop into a "fresh" drop through 
the continuous phase. At a later stage (i. e t= 45 minutes see Fig - 6.76 - ), when a 
"fresh" drop starts developing its internal structure there will not be enough PVA 
to stabilise it and it may coalesce with an old drop thereby accelerating its 
polymerisation ( by gaining more initiator ). The particle size distribution of 
suspension PVC produced during the operation of the condenser shows a bimodal 
distribution as seen in Fig - 6.77 -. This is due to two main reasons : 
i) - The peak on the left hand side of the diagram represents the particles produced 
by the "old" VCM droplets. These particles are relatively small in size compared 
with the ones produced when the condenser is not in operation. This is due to fact 
that the "old" droplets lost some of their VCM (by evaporation) and continued to 
polymerise, thus, producing smaller final particles. 
ii )- The second peak represents the PVC particles produced either by the 
polymerisation of the "fresh" monomer droplets returning from the condenser (these 
droplets are bigger in size compared with the "old" ones ) or by the coalescence of 
fresh and old droplets. 
We, also, observe a big number of PVC latex particles. 
The second set of experiments was performed to study the effect of timing of reflux 
on the morphology of the drops and on the properties of the final PVC particles. 
The same experimental procedure was used except that the reflux was started after 
a polymerisation time of 30 and 60 minutes respectively (two separate experiments) 
with a reflux rate of about 1.6 drops / sec. For the morphology, the observations 
made for the first set of experiments apply here except that there is less latex 
particles ( especially t= 60 minutes ). It was observed that the degree of conversion 
was more or less the same ( between 65 and 68 % ). The porosity results are shown 
in table - 6.8 -. These results show that when the reflux is delayed to a later stage 
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of the polymerisation, the porosity of the final PVC particles is considerably 
increased. This indicates that the VCM drops once they become rigid they do not 
loose their shape even after losing some of their swollen VCM by evaporation 
during reflux. This loss of VCM might be replaced by water from the continuous 
phase, thus filling the empty space inside the PVC particle and reducing the rate of 
conversion. 
Table - 6.8 - Variation of PVC particles porosity with the timing of reflux. 
Delay time for reflux ( min) 0 30 60 60 
Reflux rate ( drops / minute) 84 96 73 99 
Degree of conversion ( %) 77 65 66 68 
porosity ( %) 28 25.61 50.52 40.41 
6.5.5 - Reflux simulation: 
The aim of this set of experiments is to confirm the observations made earlier 
on the effect of condenser operation. For this purpose, two experiments were 
performed. The first, a polymerisation experiment, was performed to confirm 
that the acquisition of initiator by the fresh drops is not by coalescence but by 
other means. A polymerisation reaction was carried out without using the 
condenser. The same experimental procedure was used as in sub-section - 6.5.1 - 
(X50 conc. = 0.175 %, PVA (Alcotex spec. "A") conc. = 0.06 %, N= 350 rpm, cp 
= 0.1, T= 55 °C). After a reaction time of 30 minutes, 50 grams of fresh VCM 
monomer was forced into the reactor and the reaction continued for another 150 
minutes. Samples of the reaction mixture were photographed at different reaction 
times as shown in Fig - 6.78 -. This shows that the fresh drops formed from the 
simulated reflux monomer are relatively much bigger than the old ones. This is 
probably due to the unavailability of enough PVA in the continuous phase, thus, a 
higher interfacial 
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A 
C 
B 
D 
100 µm 
Fig - 6.78 - Reflux simulation during suspension polymerisation. a) 30 min. 
(before adding fresh VCM) b) 45 min. (i. e 15 min after adding fresh VCM) c) 60 
min. d) 90 min. 
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tension. Photographs b) and c) show that the polymerisation inside the fresh 
droplets has started without any coalescence occurring. This confirms what was 
stated in the latter section that the "new" drops are getting their initiator through the 
continuous phase and that very little coalescence is occurring at these stages. The 
conversion at the end of the polymerisation reaction was 63 %( conversion calculated 
using the total amount of VCM inside the reactor i. e. 150 grams ). The porosity of 
the final particles was found equal to 36.62 %. The second experiment was performed 
in order to investigate how the droplet behaves when it is at the surface of the 
liquid-vapour interface ( evaporation) during reflux operation ( does all the VCM 
monomer inside the polymerising droplet evaporate ordoesthe droplet lose only 
part of its monomer? ). For this purpose, 150 grams of dyed VCM was mixed in the 
continuous phase at 350 rpm for 30 minutes in order to stabilise the droplets. Then 
the valve allowing the VCM vapours to get into the condenser was opened. The 
refluxed monomer coming from the condenser was then stored in the viewing 
chamber ( see condenser system in chapter -4 -) and, thus, not allowed to return 
to the reactor tank. The reflux rate was maintained constant at about 60 drops / min. 
Samples of the mixture were taken into the optical cell at different time intervals 
and photographed. The results obtained are presented in Fig - 6.79 - and Fig - 
6.80 -. They represent the variation of the drop size and size distribution with 
the residence time respectively. Fig - 6.79 - shows that D32 is decreasing with time 
almost uniformly. This indicates that the evaporation of VCM from the droplets is 
uniform ( there is no total evaporation of the drop once it is at the surface of the 
mixture). This observation is also confirmed in Fig - 6.80 - which shows the variation 
of the drop size distribution with residence time. The latter observation is very 
important as it shows that the latex particles formed during polymerisation with 
reflux are not due mainly to a major reduction in size of the normal droplets but 
probably due to the growth of the free macroradicals available in the continuous 
phase stabilised by micelles. 
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CHAPTER 7 
7- GENERAL CONCLUSIONS AND 
SUGGESTIONS FOR FURTHER WORK 
7.1 - General conclusions : 
The aim of the present research project was to investigate the possibility of 
understanding and controlling some of the parameters which are believed to have a great 
influence on the particle size and particle morphology of Vinyl chloride polymers during 
the suspension polymerisation process. The main objectives were to study the following 
novel aspects of Vinyl chloride suspension polymerisation : 
1- The study of the individual mechanisms of the droplet formation and stability and 
the subsequent droplet agglomeration processes in suspension polymerisation. 
2- The influence of condenser operations in the suspension polymerisation of Vinyl 
chloride and its effects on the mechanisms of droplet formation. 
For this purpose an experimental apparatus suitable for Vinyl chloride suspension 
polymerisation was designed and operated successfully. The next step consisted of using 
simulated monomer (in our case we choosed toluene because of insolubility in water 
and its density which is similar to that of Vinyl chloride ) in order to get familiarised 
with the apparatus, to have an idea about the influence of certain parameters on the 
liquid-liquid dispersion and to prevent any dynamic problems which may arise during 
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VCM dispersion and polymerisation. 
During the second series of experiments and after taking all the necessary safety 
measures, vinyl chloride was used as the dispersed phase. These experiments had for 
objective to study the influence of certain parameters on the size distribution and the 
coalescence stability of the vinyl chloride droplets (i. e. residence time, turbulence 
intensity, volume fraction and suspending agent type and concentration ). The major 
conclusions in this second series of experiments are : 
Al - As expected, an increase in agitation speed decreases sharply the drop size and 
narrow the size distribution. This effect is more pronounced for lower agitation speeds. 
Also, the Sauter mean diameter (D32) is proportional to N-' 2, thus, confirming the 
predominance of the breakage mechanism over coalescence for our system. 
A2 - After a transitional time of 30 minutes a dynamic equilibrium is established, thus, 
the drop size and size distribution become stable. 
A3 - The type of suspending agent has a great influence on the drop size and drop 
stability. By increasing the degree of hydrolysis of the PVA the drop size increases and 
the VCM droplets become more stable towards coalescence. 
A4 - The effect of baffles seem to be considerable in this process. When baffles are used 
the drop size distribution becomes markedly narrow for low agitator speed, while for 
high agitator speed the differences between baffled and unbaffled systems become less 
pronounced. 
A5 - An increase in PVA ( Alcotex spec "A" ) concentration does narrow the droplets 
size distribution and decreases their size. The critical PVA ( Alcotex spec. "A" ) 
concentration to be used in VCM dispersion ( for a volume fraction of 0.1 ) was found 
to be equal to 0.012 %( for an agitator speed of N= 250-800 rpm ). A further increase 
in PVA concentration above the critical value does not have a great effect on the drop 
size or volume distribution. 
A6 - The higher is the volume fraction of the dispersed phase the wider are the volume 
and size distributions. The effect of volume fraction on the VCM drop size becomes 
more pronounced at lower agitator speeds where the volume distribution changes from 
a monomodal into a multimodal distribution, while for a high agitator speed the 
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distribution is mainly monomodal. 
A7 - The general form of the correlation used to relate the Sauter mean diameter to the 
vessel geometry, the volume fraction and the Weber number was in good agreement 
with our experimental results. Fitting our data to the latter correlation gave : 
D2 
= 0.027(1 +3.064)WL°. 6 
This correlation seem to be in good agreement with correlations found by other workers. 
The third series of experiment was devoted to the study of the mass transfer ( by 
coalescence ) between the VCM droplets for different experimental conditions using a 
mixture of dyed and undyed droplets. It was found that the rate of coalescence rises 
relatively slowly with residence time (t) and pre-mixing time (ti), is roughly proportional 
to the agitator speed and decreases sharply when the concentration of suspending agent 
is increased. Thus, the degree of coalescence is mainly controlled by the residence time, 
the agitator speed and the surface coverage of the suspending agent. It was also found 
that the rate of coalescence was relatively low when KH17 was used as a stabiliser. 
During the fourth series of experiments the kinetic mechanism of PVA ( Alcotex spec. 
"A" ) adsorption on the Vinyl chloride / water interface was investigated for different 
experimental conditions. It was found that : 
B1- The saturation of the VCM / water interface with PVA is reached relatively quickly 
(in less than 5 minutes ) with a surface coverage of 2.8 mg / m2, while the stability of 
the VCM droplets is reached after 30 minutes. This is due to the fact that, although the 
PVA molecules diffuse relatively quickly into the interface, their rearrangement and 
spreading does take some time. 
B2 - The surface coverage decreases when the drop diameter is increased. 
B3 -A multilayer system is formed at the VCM / water interface when high concentrations 
of PVA ( Alcotex spec. "A" ) are used. The first layer is well rearranged and spread ( by 
unfolding) while the second layer is formed of PVA molecules randomly adsorbed at 
the interface and in a less favourable conformation. 
B4 - The quantity of PVA adsorbed (% PVA) is proportional to the volume fraction 
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of the dispersed phase. 
The fifth series of experiments was devoted to the study of different aspects of droplet 
formation and subsequent droplets agglomeration under polymerisation conditions as 
well as determination of the effect of condenser operation on the droplets. The main 
conclusions drawn from theses experiments are : 
Cl - The method of addition of initiator has an important effect on the uniformity 
of the droplets. When the initiator is predissolved in the VCM the polymerisation occurs 
uniformly in all the VCM droplets and the final particles have the same shape. This is 
not the case when the initiator is predispersed in the continuous phase. Also, for the same 
reaction time, the conversion is higher when the initiator is predispersed in the VCM. 
Furthermore, in the latter case more latex particles are observed. 
C2 - The use of Alcotex spec. "A" as a secondary stabiliser ( when KH17 is used as a 
primary stabiliser) or a mixture of suspending agents (i. e. Alcotex spec. "A" and KH 17 
) from the beginning of the polymerisation reaction could produce PVC particles with a 
more uniform size and a smooth surface. 
C3 - When the reflux condenser is in use, the droplets returning from the condenser 
acquire their initiator from the continuous phase ( latex particles or free radicals available 
in the continuous phase or diffusing from the "old" drops into the "fresh" drops). A 
coalescence mechanism does not seem to be very important during the early stages of 
the condenser operation.. 
C4 - There is more latex particles present in the continuous phase when the reflux is 
occurring and the final PVC particle size show a bimodal distribution. Also the porosity 
is relatively high (= 28 % ). When no reflux is occurring the latter distribution is 
monomodal. 
C5 - When the reflux is delayed for about 60 minutes, the porosity of the final PVC 
particles is considerably increased (= 40 - 50 % for a conversion of about 67 %) and 
the number of latex particles is decreased. 
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7.2 - Suggestions for further work : 
The results obtained and the conclusions drawn from this research project have 
increased the understanding of the Vinyl chloride suspension polymerisation process . 
They have also shown the complexity of the latter process as many parameters tend to 
affect the drop behaviour in different ways. The following suggestions for further work 
could provide more details about the Vinyl chloride drop behaviour and clarify or confirm 
some of the statement made in the latter section. 
1- The effect of suspending agent could be studied further by using different types of 
PVA (different degree of hydrolysis as well as different molecular weights). A qualitative 
as well as a quantitative analysis of the PVA adsorbed at the VCM / water interface could 
provide an answer about the type of PVA molecules that adsorb and stabilise better the 
VCM droplets. A mixture of stabilisers could also be used either separately as primary 
and secondary stabilisers or together from the beginning of the polymerisation reaction. 
2- More experiments could be performed to confirm the presence of a multilayer system 
when the PVA is adsorbed at the VCM water interface. 
3- The coalescence rate during liquid-liquid dispersion could be better defined if two 
different VCM suspensions ( prepared separately ), one containing dye ( Sudan red "B" 
for example) and the other non-dyed are mixed together using different experimental 
conditions. 
4- To study further the effect of condenser operation on the vinyl chloride drop behaviour 
during suspension polymerisation, a bigger reactor need to be designed ( about 5 litre 
capacity) in order not to disturb too much the reaction mixture and to be able to take as 
many samples as possible for analysis. 
5- It is also important to determine the fate of the "old" Vinyl chloride drops after losing t 
some of their monomer by evaporation ( during reflux conditions ). Do they stay as 
individual drops or do they coalesce with the fresh droplets returning from the condenser?. 
For this purpose, a series of experiments could be performed by allowing the evaporation 
of some of the VCM during polymerisation and then trapping it ( not allowing it to return 
into the reaction mixture ). The reaction is then continued till completion and the final 
particles analysed for particle size and porosity. 
226 
CHAPTER 8 
8-REFERENCES 
ALLSOPP, M. W., "The development and importance of suspension PVC 
morphology", Pure & Appl. Chem., 53,449-465 (1981). 
ALLSOPP, M. W., "Effect of vinyl chloride injection on the morphology of 
suspension polymerised PVC", J. Macromol. Sci. Chem, A11(7), 1223-1234 (1977). 
ALLSOPP, M. W., "Manufacture and processing of PVC", Chapter 7, Applied 
science publishers, London (1982). 
ARAI, K. et al., "The effect of dispersed phase viscosity on the maximum stable 
drop size for break-up in turbulent flow", J. Chem. Eng. Japan, 10,325 (1977). 
BAJPAI, R. K.; RAMKRISHNA, D. And PROKOP, A., "A coalescence redispersion 
model for drop size distributions in an agitated vessel", Chem. Eng. Sci., 31,913-920 
(1976). 
BANKOFF, S. G. and NORRIS SHREVE, R., "A vinyl chloride polymerisation 
procedure", Ind. Eng. Chem., 455, N°2,270-276 (1953). 
BARCLAY, L. M., Agrew. Macromol. Chem., 52,1 (1976). 
BATCHELOR, G. K., Proc. Camb. Phil. Soc., 43,533 (1947a). 
BATCHELOR, G. K., Proc. Camb. Phil. Soc., 47,359 (1947b). 
227 
BATCHELOR, G. K., "The theory of homogeneous turbulence", Cambridge 
University Press (1953). 
BAUMANN, E., Liebigs Ann., 163,308 (1872). 
BORWANKAR, R. P., CHUNG, S. I. and WASAN, D. T., "Drop sizes in turbulent 
liquid-liquid dispersions containing polymeric suspension stabilisers . 
1. The 
breakage mechanism", J. Appl. Polym. Sci., 32,5749-5762 (1986). 
BROOKS, B. W., "Drop size distribution in an agitated liquid-liquid dispersion", 
Trans. IChemE, 57,210-212 (1979). 
BROWN, D. E. and PITT, K., "Drop size distributions of stirred non-coalescing 
liquid-liquid systems", Chem. Eng. Sci., 27,557 (1972). 
BURGES, R. H., "Manufacture and processing of PVC", Appl. Sci. Publisher, 
London (1982). 
CALABRESE, R. V., CHANG, T. P. K. and DANG, P. T., "Drop break-up in turbulent 
stirred tank contactors. Part. I. Effect of dispersed phase viscosity", AIChE J., 32, 
N°4,657-666 (1986). 
CALDERBANK, P. H., "Physical rate processes in industrial fermentation part. 1: 
The interfacial area in gas-liquid contacting with mechanical agitation", Trans. Inst. 
Chem. Engs., 36,43 (1958). 
CHAFFEY, C. E.; TASALLOTI, S. and PAINE, A. J., "Emulsification of a viscous 
monomer mix: Particle size and size distribution", The Cannadian J. Chem. Eng., 
69,639-647 (1991). 
CHATZI, E. G., BOUTRIS, C. J. And KIPARISSIDES, C., "On-line monitoring of 
drop size distributions in agitated vessels l. Effect of temperature and impeller 
speed", Ind. Eng. Chem. Res., 30,536-543 (1991). 
CHATZI, E. G., BOUTRIS, C. J. and KIPARISSIDES, C., "On-line monitoring of 
drop size distributions in agitated vessels . 2. Effect of stabilizer concentration", 
Ind. 
Eng. Chem. Res., 30,1307-1313 (1991). 
228 
CHATZI, E. G., GAVRIELIDES, A. D. and KIPARISSIDES, C., "Generalised model 
for prediction of the steady-state drop size distributions in batch stirred vessels", Ind. 
Eng. Chem. Res., 28,1704-1711 (1989). 
CHATZI, E. G. and KIPARISSIDES, C., "Dynamic simulation of bimodal drop size 
distributions in low-coalescence batch dispersion systems", Chem. Eng. Sci., 47, 
N°2,445-456 (1992). 
CHATZI, E. G. and LEE, J. M., "Analysis of interactions for liquid-liquid dispersions 
in agitated vessels", Ind. Eng. Chem. Res., 26,2267 (1987). 
CHEN, H. T. and MIDDLEMAN, S., "Drop size distribution in agitated liquid-liquid 
systems", AIChE J., 13, N°5,989 (1967). 
CHESTER, A. K., "The modeling of coalescence processes in fluid-fluid dispersions 
:A review of the current understanding", Trans. IChem. E, 69, Part. A (1991). 
CHUNG, S. I., "Dynamic properties of interfacial films with application to emulsion 
stability in suspension polymerisation", Ph. D Thesis, Illinois Institute of Technology, 
CHICAGO (1985). 
CHURCH, J. M. and SHINNAR, R., "Stabilising liquid-liquid dispersions by 
agitation", Ind. Eng. Chem., 53, N°6,479-484 (1961). 
CLARK, M. in BUTTERS, C. (Ed), "Particulate nature of PVC", Appl. Sci. Publ., 
London (1982). 
COULALOGLOU, C. A. and TAVLARIDES, L. L., "Description of interaction 
processes in agitated liquid-liquid dispersions", Chem. Eng. Sci., 32,1289-1297 
(1977). 
COULALOGLOU, C. A. and TAVLARIDES, L. L., "Drop size distributions and 
coalescence frequencies of liquid-liquid dispersions in flow vessels", AIChE J., 32, 
289-297 (1976). 
COLLINS, S. B. and KNUDSEN, J. G., AIChE J., 16,1072 (1970). 
229 
CROSATO-ARNALDI, A.; GASPARINI, P. and TALAMINI, The bulk 
suspension polymerisation of vinyl chloride ", Die Makromoleculare Chemie, 117, 
140-152 (1968). 
DAVIDSON, J. A., "Pressure cells of optical microscopy", Microscope, 23,61-71 
(1975). 
DAVIDSON, J. A. and GARDNER, K. L., "Vinyl polymers (PVC)" in Encyclopedia 
of Chemical Technology, 23, Kirk Othmer 3rd edition, (1983). 
DAVIDSON, J. A. and WITENHAFER, D. E., "Particle structure of suspension 
poly(vinyl chloride) and its origin in the polymerisation process", J. Polym. Sci. 
Polym. Phys. Ed., 18,51-69 (1980). 
DIAMADOPOULOS, E.; ZOUBOURTIKOUDIS, I. and KIPARISSIDES, C., 
"Aggregation phenomena in the suspension polymerisation of VCM", Colloid & 
Polymer Science, 268,306-314 (1990). 
DRAGER, Manufacturer's leaflet, Produced by Dreager Limited, 6th Edition, 
Hertfordshire, England (1985) 
FITCH, R. M. and TSAI, C. H., "Polymer colloids", FITCH, R. M. Ed., Plenum, New 
York, 73-102 (1971). 
GAL-OR, B., KLINZING, G. E. and TAVLARIDES, L. L., "Bubble and drop 
phenomena", Ind. Eng. Chem., 61, N°2,21 (1969). 
GEIL, P. H., "Morphology-characterisation termonology ", J. Macromol. Sci. Phys., 
B14(1), 171 (1977). 
GEIL, P. H., "Polymer morphology ", J. Macromol. Sci. Chem., A11(7), 1271-1280 
(1977). 
GELLNER, 0., Chem. Eng. Sci., 74-78, August (1966). 
GOOGHALL, A. R. and GREENHILL-HOOPER, M. J., "Characterisation of 
partially-hydrolysed poly(vinyl acetate)s for use as stabilisers in suspension 
polymerisation", Makromol. Chem. Macromol. Symp., 35 / 36,499-507 (1990). 
230 
GRULKE, E. A., "Suspension polymerisation", in Encyclopedia of polymer science 
and technology, Second edition, Vol. 16 (H. MARK ed. ), Wiley, New York, p. 443 
(1985). 
HARNBY, N.; EDWARDS, M. F. and NIENOW, A. W., "Mixing in the process 
industries", Second edition, Butterworth-Heinemann Ltd., OXFORD (1992). 
HARTLAND, S., "The coalescence of a liquid-liquid interface, Part . 5. The effect 
of surface active agent", Trans. Inst. Chem. Eng. (LONDON), 46, T275 (1968). 
HINZE, J. O., "Fundamentals of the hydrodynamic mechanism of splitting in 
dispersions processes", AIChE J., Vol. 1, N°3,289-295 (1955). 
HINZE, J. O., "Turbulence", McGraw Hill, New York (1959). 
HOFFMANN, E. and KUMMERT, I., Plast Kautschuk, 23(8), X67 (1976). 
HONG, P. O. and LEE, J. M., "Unsteady-state liquid-liquid dispersions in agitated 
vessels", Ind. Eng. Chem. Process Des. Dev., 22,130-135 (1983). 
HOWARTH, W. J., "Coalescence of drops in a turbulent flow field", Chem. Eng. 
Sci., Vol. 19,33-38 (1964). 
HSIA, M. A. and TAVLARIDES, L. L., "Simulation analysis of drop breakage, 
coalescence and macromixing in liquid-liquid stirred tanks", Chem. Eng. J., 26, 
189-199 (1983). 
HULBURT, H. M. and KATZ, S., "Some problems in particle technology. a statistical 
mechanical formulation ", Chem. Eng. Sci., 16,555-574 (1964). 
IRVING SAX, N., "Rapid guide to : Hazardous chemicals in the workplace", 176 
(1989) 
KAUFMAN, M., "The history of polyvinyl chloride", Mac Laren and Sons, London 
(1969). 
KIPARISSIDES, C.; MOUSTAKIS, I. and HAMIELEC, A., "Electrostatic and steric 
stabilisation of PVC primary particles", J. Appl. Polym. Sci., 49.445-459 (1993). 
231 
KIPARISSIDES, C., "Prediction of the primary particle size distribution in vinyl 
chloride polymerisation", Makromol. Chem. Macromol. Symp., 35/36,171-192 
(1990). 
KOBAYASHI; SADAHITO; MORIYAMA; YOSHIHIRO; AOSHIMA and 
SADAMI, "Apparatus for manufacture of high porosity vinyl chloride resins", Jpn. 
Kokai Tokkyo Koho, 5 pp. (1989). 
KOLMOGOROFF, A. N., "The local structure of turbulence in incompressible 
viscous fluid for very large Reynolds numbers", C. R. Acad. Sci. U. S. S. R, 30,301 
(1941a). 
KOLMOGOROFF, A. N., "The breakage of drops in a turbulent current", Dokl. Akad. 
Nauk, SSSR, 66,825-828 (1949). 
KOMASAWA, I.; MORIOKA, S.; KUBOI, R. and OTAKE, T., "A method of 
measurement of interaction rates of dispersed phase in a continuous flow stirred 
tank", J. Chem. Eng. Jpn., 4,319 (1971). 
KONNO, M., KOSAKA, N. and SAITO, S., "Correlation of transient drop sizes in 
break-up process in liquid-liquid agitation", J. Chem. Eng. JAPAN, Vol. 26, N°l, 
37-40 (1993). 
KUCHANOV, S. I. and BORT, D. N., "Kinetics and mechanism of bulk 
polymerisation of vinyl chloride", Polym. sci. USSR, 15,2712-2736 (1973). 
LANGSAM, M., in Encyclopedia of PVC, Vol. 1, NASS, L. I. and HEINBERGER, 
C. A. eds., Marcel Dekker Inc., New York (1986). 
LANKVELD, J. M. G. and LYKLEMA, L., "Adsorption of poly(vinyl alcohol) on 
tha parafin-water interface", J. Colloid and Interface Sci., 41, N°3,454-483 (1972). 
LASO, M.; STEINER, L. and HARTLAND, S., "Dynamic simulation of 
liquid-liquid agitated dispersions. 1. Derivation of a simplified model", Chem. Eng. 
Sci., Vol. 42, N°10,2429-2436 (1987). 
232 
LASO, M.; STEINER, L. and HARTLAND, S., "Dynamic simulation of 
liquid-liquid agitated dispersions . 
2. Experimental determination of breakage and 
coalescence rates in a stirred tank", Chem. Eng. Sci., Vol. 42, N°10,2437-2445 
(1987). 
LEAO, M. L.; MAITLAND, G. C.; RICHARDSON, S. M. and TEHRANI, M. A., 
"The role of agitation in suspension polymerisation processes", Internal Report, 
Imperial College, London (1986). 
LEE, J. M. and SOONG, Y., "Effects of surfactants on the liquid-liquid dispersions 
in agitated vessels", Ind. Eng. Chem. Process Des. Dev., 24,118-121 (1985). 
LEE, J. C. and TASAKORN, P., "Characteristics of agitated tanks in relation to 
suspension polymerisation", Third European Conference on Mixing, University of 
York, England, April 4`h-6`h (1979). 
LENG, D. E. and QUARDERER, G. J., "Drop dispersion in suspension 
polymerisation", Chem. Eng. Commun., Vol. 14,177-201 (1982). 
McCOY, B. J. and Madden, AT, J. Chem. Eng. Sci., 24,416 (1969) 
McMANAMEY, W. J., "Sauter mean diameter and maximum drop diameter of 
liquid-liquid dispersions in turbulent agitated vessels at low dispersed phase 
hold-up", Chem. Eng. Sci., Shorter Communication, 34,432-434 (1979). 
MILLER, R. S.; RALF, J. L.; CURL, R. L. and TOWELL, G. D., "Dispersed phase 
mixing : 2- Measurement in organic dispersed systems", AIChE J., 9, N°2,196-202 
(1963). 
MIRONOV, A. A.; GUTKOVITCH, A. D.; SHEBYREV, V. V.; RYBKIN, E. P. and 
OLNEV, N. N., "Suspension polymerisation of vinyl chloride in reactors with reflux 
condenser", Plast. Massy, 12,9-12 (1989). 
MLYNEK, Y. and RESNICK, W., "Drop sizes in an agitated liquid-liquid system", 
AIChE J., 18,122-127 (1972). 
233 
MOLAG, M.; JOOSTEN, G. E. H. and DRINKENBURG, A. H., "Drop break-up and 
distribution in stirred immiscible two phase systems", Ind. Eng. Chem. Fundam., 
19,275-281 (1980). 
NAGATA, S., "Mixing : principles and applications", John Wiley & Sons, New 
York (1975). 
NARSIMHAN, G., GUPTA, J. P. and RAMAKRISHNA, D., "A model for 
transitional breakage probability of droplets in agitated lean liquid-liquid 
dispersions" Chem. Eng. Sci., 34,257-265 (1979). 
Nienow, A. W. and MILES, D., "Impeller power number in closed vessels", Ind. Eng. 
Chem. Process Des. Dev., 10,41 (1971). 
NILSON, H., NORVIIT, T., SILVEGREN, C. and TORNELL, B., "Suspension 
stabilizers for PVC production . 11. Drop size distribution", J. Vinyl Technology, 
Vol. 7, N°3,119-122 (1985). 
NILSON, H., SILVEGREN, C. and TORNELL, B., "Suspension stabilizers for PVC 
production III: Control of porosity", J. Vinyl Technology, Vol. 7, N°3,123-127 
(1985a). 
NILSSON, H.; SILVERGREN, C. and UUSTALU, J., "Drop and grain size 
distribution during suspension polymerisation of vinyl chloride", Polymer 
communications, 24,268-269 (1983). 
OLDSHUE, J. Y., "Lquid-liquid emulsions" in Fluid mixing technology, Mc Graw 
Hill publications Co., New York (1983). 
OTTEWILL, R. H., in "Non-ionic surfactants", Schick, M. J. edition, p. 645, Edwards 
Arnold, London (1967). 
ORMONDROYD, S., "The influence of poly(vinyl alcohol) suspending agents on 
suspension poly(vinyl chloride) morphology", British Polymer Journal, 20,353-359 
(1988). 
PALERMO, T., "Le phenomene de coalescence : Etude bibliographique", Revue de 
l'institut Francais du petrole, 46, N°3, mai-jun (1991). 
234 
PARK, J. Y. and BLAIR, L. M., "The effect of coalescence on drop size distribution 
in an agitated liquid-liquid dispersion", Chem. Eng. Sci., 30,1057-1064 (1975) 
PARMA, G.; TALAMINI, G. and TAVAN, M., "Particle morphology in the early 
stages of radiation induced heterophase polymerisation of vinyl chloride", J. Polym. 
Sci.: Polym. Phys. Ed., 15,1537-1556 (1977). 
PERRY, R. H. and CHILTON, C. H., "Chemical engineer's handbook", Fifth edition, 
Mac Graw Hill, TOKYO (1973). 
PINTO, J. C., "Vinyl chloride suspension polymerisation with constant rate :A 
numerical study of batch reactors", J. Vinyl Technol., 12, N°1, (1990). 
RAMKRISHNA, D., "Drop break-up in agitated liquid-liquid dispersions", Chem. 
Eng. Sci., 29,987-992 (1974). 
RANCE, D. G and ZICHY, E. L., Polymer, 20,266 (1979) 
RAVEY, M.; WATERMAN, J. A.; SHORR, L. M. and KRAMER, M., "Mechanism 
of vinyl chloride polymerisation", J. Polym. Sci., Polym. Chem. Ed., 12,2821-2843 
(1974). 
RAY, W. H. and JAIN, S. K., "On the modeling of bulk PVC reactors", J. Appl. 
Polym. Sci., 19,1297-1315 (1975) 
RENAULT, H. V., Liebigs Ann., 14,22 (1835). 
RODRIGEZ, F., "Principles of polymer systems", 3rd Edition, Hemisphere 
Publications, London (1989). 
ROSEN, M. J., "Emulsification by surfactants" in "Surfactants and interfacial 
phenomena", Second ed., John Wiley & Sons, New york, (1989). 
ROSS, S. L.; VERHOFF, F. H. and CURL, R. L., "Droplet breakage and coalescence 
in an agitated dispersion. 2. Measurement and interpretation of mixing experiments", 
Ind. Eng. Chem. Fundam., 17, N°2,101-108 (1978). 
235 
RUSHTON, J. H.; COSTICH, E. W. and EVERETT, H. J., "Power characteristics of 
mixing impellers", Chem. Eng. Prog., 46,395 (1950). 
SCHILDKNECHT, C. E., "Polymerisation processes", High Polymers, 29, A Wiley 
Interscience Publication, New York (1977) 
SHINNAR, R., "On the behaviour of liquid dispersions in mixing vessels", J. Fluid 
Mech., 10,259-275 (1961). 
SHINNAR, R. and CHURCH, J. M., "Statistical theories of turbulence in predicting 
particle size in agitated dispersions", Ind. Eng. Chem., 52,253-256 (1960). 
SIDIROPOULOU, E. and KIPARISSIDES, C., "Mathematical modeling of PVC 
suspension polymerisation :A unifying approach and some new results", J. 
Macromol. Sci. Chem., A27(3), 257-288 (1990). 
SKELLAND, A. H. P. and KANEL, J. S., "Minimum impeller speeds for complete 
dispersion of non-newtonian liquid-liquid system in baffled vessels", Ind. Eng. 
Chem. Res., 29,1300-1306 (1990). 
SKELLAND, A. H. P. and KANEL, J. S., "Simulation of mass transfer in a batch 
agitated liquid-liquid dispersion", Ind. Eng. Chem. Res., 31,908-920 (1992). 
SMALLWOOD, P. V., "Vinyl chloride polymers, polymerisation" in Encyclopedia 
of Polymer Science and Engineering, Vol. 17 (H. Marked. ), Wiley, New York, 295 
(1985). 
SMALLWOOD, P. V., "The formation of grains in suspension poly(vinyl chloride)", 
Polymer, 27,1609-1618 (1986). 
SMALLWOOD, P. V., "Vinyl chloride suspension polymerisation and the control 
of polymer properties", Makromol. Chem. Makromol. Symp., 29,1-19 (1989). 
SPROW, F. B., "Distribution of drop sizes produced in turbulent liquid-liquid 
dispersions", Chem. Eng. Sci., 22,435-442 (1967a). 
SPROW, F. B., "Drop size distributions in strongly coalescing agitated liquid-liquid 
systems", AIChE J., 13, N°5,995-998 (1967b). 
236 
STAMATOUDIS, M. and TAVLARIDES, L. L., "Effect of continuous phase 
viscosity on the drop sizes of liquid-liquid dispersions in agitated vessels", Ind. Eng. 
Chem. Process Des. Dev., 24,1175-1181 (1985). 
STEPHENSON, R. C. and SMALLWOOD, P. V., "Suspension and mass 
polymerisation", in Encyclopedia of polymer science and engyneering, Second 
edition, Vol. 17 & supplement, John Wiley & Sons (1989). 
TADROS, T. F., "Liquid-liquid interfaces", in Encyclopedia of emulsion technology, 
Vol. 1- Basic theory, Paul Becher edition, Marcel Dekker, inc. New York (1983). 
TASAKORN, P., "Liquid-liquid dispersion in relation to suspension 
polymerisation", Ph. D thesis, University of Wales (1977). 
TAVLARIDES, L. L., COULALOGLOU, C. A., ZEITLIN, M. A., KLINZING, G. E. 
and GAL-OR, B., "Bubble and drop phenomena", Ind. Eng. Chem., 62, N°11,6-27 
(1970). 
TAVLARIDES, L. L. and STAMATOUDIS, M., "The analysis of interphase reaction 
and mass transfer in liquid-liquid dispersions", Advances in Chemical Engineering, 
Vol. 11,199-273 (1981). 
TAYLOR, G. I., "The formation of emulsions in definable field of flow", Proc. Royal 
Soc. London, A146,501 (1934). 
TORNELL, B., "Recent development in PVC polymerisation", Polym. Plast. 
Technol., 27(1), 1-36 (1988). 
TORNELL, B. and UUSTALU, J., "Formation of primary particles in vinyl chloride 
polymerisation", J. Polym. Sci., 35,63-74 (1988). 
UEDA, T.; TAKEUCHI, K. and KATO, M., "Polymer particle formation in 
suspension polymerisation of vinyl chloride and vinyl acetate", J. Polym. Sci., Polym. 
Chem. Ed., 10,2841-2852 (1972). 
UGELSTAD, J.; MORK, P. C. and HANSEN, F. K., "Kinetics and mechanism of 
vinyl chloride polymerisation", Pure Appl. Chem., 53,323-363 (1981). 
237 
VALENTAS, K. H. and AMUNDSON, N. R., "Breakage and coalescence in 
dispersed phase systems", Ind. Eng. Chem. Fundam., 5 (4), 533-542 (1966). 
VALENTAS, K. H., BILOUS, O. and AMUNDSON, N. R., "Analysis of breakage 
in dispersed phase systems", Ind. Eng. Chem. Fundam., 5,271-279 (1966). 
VAN HEUVEN, J. W. and BEEK, W. J., Proc. Int. Solvent Extr. Conf., Hague, Soc. 
Chem. Ind. Paper 51,70-81 (1971) 
VERHOFF, F. H.; ROSS, S. L. and CURL, R. L., "Breakage and coalescence 
processes in an agitated dispersion. Experimental system and data reduction", Ind. 
Eng. Chem. Fundam., Vol. 16, N°3,371-377 (1977). 
VERMEULEN, T.; WILLIAMS, G. M. and LANGLOIS, G. E., "Interfacial area in 
liquid-liquid and gas-liquid agitation", Chem. Eng. Prog., 51, N°2,85F-95F (1955). 
WANG, C. Y. and CALABRESE, R. V., "Drop break-up in turbulent stirred tank 
contactors. Part . 
2. Relative influence of viscosity and interfacial tension", AIChE 
J., Vol. 32, N°4,667-676 (1986b). 
WARD, J. P. and KNUDSEN, J. G., "Turbulent flow of unstable liquid-liquid 
dispersions : Drop sizes and velocity distributions", AIChE J., 13,356 (1967). 
WEISS, G., "Hazardous chemical data book", 2nd ed., edited by Weiss, G., Park 
Ridge Publications, N. J., USA (1986). 
WINSLOW, F. H. and MATREYEK, W., "Particle size in suspension 
polymerisation", Ind. Eng. Chem., 43, N°5,1108-1112 (1951). 
XIE, T. Y. HAMELIEC, A. E.; WOOD, P. E. and WOODS, D. R., "Experimental 
investigation of vinyl chloride polymerisation at high conversion : Semi-batch 
reactor modeling", Polymer, 32, N°11,2087-2095 (1991). 
XIE, T. Y.; HAMELIEC, A. E.; WOOD, P. E. and WOODS, D. R., "Experimental 
investigation of vinyl chloride polymerisation at high conversion : Reactor 
dynamics", J. Appl. Polym. Scie., 43,1259-1269 (1991). 
238 
YUAN, H. G.; KALFAS, G. and RAY, W. H., "Suspension polymerisation", 
JMS-REV. Macromol. Chem. Phys., C31 (2&3), 215-299 (1991). 
ZEITLIN, M. A. and TAVLARIDES, L. L., "Fluid-fluid interactions and 
hydrodynamics in agitated dispersions :A simulation model", Can. J. Chem. Eng., 
50,207-215 (1972). 
ZERFA, M. and BROOKS, B. W., "Drop mixing in polymerisation reactors", 1993 
Instn. Chem. Engrs. Research Event, UMIST, 209-211 (1993). 
ZICHY, E. L., "Study of nascent polymer morphology in inertially suspended vinyl 
chloride drops", J. Macromol. Sci. Chem., A11(7), 1205-1221 (1977). 
ZWICK, M. M., "Poly(vinyl alcohol) - Iodine complexes", J. Appl. Polym. Sci., 9, 
2393-2424 (1965). 
239 
APPENDIX 1: Simulation experiments data 
Table - A1.1 - Variation of drop frequency with drop size at different 
agitator speeds. 
Di (um) 200 rpm 350 rpm 500 rpm 650 rpm 800 rpm 
10 - 20 3 29 36 94 169 
20 - 30 6 34 59 100 159 
30 - 40 7 31 65 105 113 
40 - 50 10 24 81 135 104 
50 - 60 7 31 91 99 72 
60 - 70 8 53 84 55 20 
70 - 80 6 58 63 15 1 
80 - 90 6 62 32 1 4 
90 - 100 8 65 16 4 1 
100-110 10 40 10 1 0 
110-120 9 29 3 0 0 
120-130 9 10 1 0 0 
130 - 140 12 6 1 0 0 
140-150 15 0 0 0 0 
150-160 15 0 0 0 0 
160-170 15 0 0 0 0 
170 - 180 12 0 0 0 0 
180-190 13 0 0 0 0 
190 - 200 9 0 0 0 0 
200 - 210 10 0 0 0 0 
210 - 220 11 0 0 0 0 
220 - 230 3 0 0 0 0 
230 - 240 6 0 0 0 0 
240 - 250 4 0 0 0 0 
250 - 260 4 0 0 0 0 
260 - 270 2 0 0 0 0 
270 - 280 1 0 0 0 0 
280-290 2 0 0 0 0 
290 - 300 3 0 0 0 0 
D32 (um) 193.43 92.55 70.9 53.44 46.36 
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Table -A1.2 - Variation of drop frequency with drop size at different suspending 
agent (PVA ) concentrations. 
Di (um) 0.2% 0.1 % 0.02% 0.01 % 0.002% 0% 
10 - 20 23 24 40 14 39 100 
20 - 30 43 43 45 15 41 100 
30 - 40 43 36 41 8 17 64 
40 - 50 65 44 45 8 24 53 
50 - 60 96 55 54 3 13 46 
60-70 104 102 73 4 18 32 
70 - 80 77 76 77 16 15 22 
80 - 90 33 31 82 12 23 20 
90 - 100 13 16 57 10 31 12 
100- 110 0 7 45 13 22 7 
110- 120 0 2 33 26 38 6 
120- 130 0 0 13 19 33 5 
130- 140 0 0 5 27 15 3 
140-150 0 0 7 9 16 1 
150 - 160 0 0 2 9 8 0 
160-170 0 0 0 2 3 1 
170- 180 0 0 0 1 2 1 
180-190 0 0 0 0 0 0 
190 - 200 0 0 0 1 0 0 
200-210 0 0 0 0 0 1 
210 - 220 0 0 0 0 0 0 
220 - 230 0 0 0 0 0 0 
230 - 240 0 0 0 0 0 0 
240 - 250 0 0 0 0 0 0 
250 - 260 0 0 0 0 0 0 
260 - 270 0 0 0 0 0 0 
270 - 280 0 0 0 0 0 1 
280 - 290 0 0 0 0 0 0 
290 - 300 0 0 0 0 0 0 
300-310 0 0 0 0 0 1 
D32 (um) 67.4 71.85 91.07 124.75 116.82 108.51 
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Table - Al. 3 - Variation of drop frequency with drop size at different 
residence times. 
Di (um) 10 min 20 min 30 min 60 min 90 min 
10 - 20 7 25 26 31 19 
20 - 30 13 23 31 34 23 
30 - 40 27 9 19 19 19 
40 - 50 21 11 17 19 18 
50 - 60 17 8 13 13 15 
60 - 70 17 3 18 29 42 
70 - 80 20 13 24 34 35 
80 - 90 20 16 38 52 45 
90 - 100 28 18 39 54 43 
100-110 15 21 49 42 24 
110-120 21 40 52 45 10 
120 - 130 18 29 35 26 2 
130 - 140 27 17 30 19 0 
140-150 17 15 15 6 0 
150-160 9 2 2 1 1 
160-170 5 2 0 0 0 
170- 180 4 2 2 0 0 
180-190 0 0 0 0 0 
190 - 200 1 0 0 0 0 
200 - 210 0 0 0 0 0 
D32 (um) 122.3 119.16 113.01 104.83 88.25 
242 
Table - A1.4 - Variation of drop frequency with drop size at different agitator 
speeds for an unbaffled system. 
Baffled system Unbaffled system 
Di (um) 350 rpm 500 rpm 350 rpm 500 rpm 
10 - 20 82 77 34 101 
20 - 30 94 228 31 69 
30 - 40 91 82 40 49 
40 - 50 89 3 34 36 
50 - 60 42 0 21 21 
60-70 8 0 18 16 
70-80 0 0 18 15 
80 - 90 0 0 26 7 
90 - 100 0 0 25 5 
100-110 0 0 25 0 
110- 120 0 0 47 1 
120- 130 0 0 27 0 
130-140 0 0 21 0 
140-150 0 0 10 0 
150- 160 0 0 1 0 
160- 170 0 0 4 0 
170 - 180 0 0 1 0 
180- 190 0 0 1 0 
190 - 200 0 0 0 0 
D32 (um) 43 29 111 58 
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APPENDIX 2: Vinyl chloride dispersion experimental data 
Table - A2.1 - Variation of drop frequency with drop size at different 
agitator speeds. 
Di (um) 250 rpm 350 rpm 500 rpm 650 rpm 800 rpm 
10 - 20 19 48 78 215 262 
20-30 25 56 172 138 118 
30 - 40 30 56 158 61 11 
40 - 50 30 70 61 19 1 
50 - 60 31 89 11 0 0 
60-70 41 69 2 0 0 
70 - 80 49 30 2 0 0 
80 - 90 64 6 0 0 0 
90 - 100 50 0 0 0 0 
100-110 27 0 0 0 0 
110-120 19 0 0 0 0 
120 - 130 3 0 0 0 0 
130- 140 0 0 0 0 0 
D32 (um) 87.46 58.23 37.38 29.17 22.2 
Table - A2.2 - Variation of drop frequency with drop size at different 
residence times. 
Di (um) 5 min 10 min 20 min 30 min 60 min 90 min 120 min 
10-20 47 84 83 103 145 120 123 
20-30 66 107 121 172 224 149 248 
30-40 82 133 115 127 94 91 83 
40 - 50 102 109 57 20 13 9 7 
50 - 60 95 23 4 0 0 0 0 
60 - 70 35 1 0 0 0 0 0 
70-80 5 0 0 0 0 0 0 
80-90 0 0 0 0 0 0 0 
D32 (um) 50.51 40.24 35.73 31.53 29.3 29.84 28.43 
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Table - A2.3 - Variation of drop frequency with drop size at different 
agitator speeds for PVA ( 80 % hydr. ) KH17. 
Di (um) 350 rpm 500 rpm 650 rpm 350 rpm 
10 - 20 38 56 66 50 
20 - 30 54 64 67 72 
30 - 40 21 49 71 79 
40 - 50 14 82 94 121 
50 - 60 27 82 51 76 
60-70 32 59 13 31 
70 - 80 39 14 2 2 
80 - 90 53 2 0 1 
90 - 100 53 0 0 1 
100-110 44 0 0 0 
110-120 24 0 0 0 
120-130 12 0 0 0 
130-140 0 0 0 0 
140- 150 2 0 0 0 
150- 160 1 0 0 0 
160- 170 0 0 0 0 
D32 (um) 94.52 54.93 46.49 49.82 
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Table - A2.4 - Variation of drop frequency with drop size at different 
agitator speeds for PVA ( 72.5 % hydr) Alcotex spec. "A". 
Di (um) 350 rpm 500 rpm 650 rpm 350 rpm 
10 - 20 63 107 209 183 
20 - 30 82 181 152 134 
30 - 40 58 127 51 66 
40 - 50 56 81 17 16 
50-60 61 15 1 3 
60 - 70 84 7 0 1 
70 - 80 52 1 0 1 
80 - 90 23 0 0 0 
90- 100 10 0 0 0 
100-110 4 0 0 0 
110-120 0 0 0 0 
120- 130 12 0 0 0 
130- 140 0 0 0 0 
140-150 2 0 0 0 
150-160 1 0 0 0 
160- 170 0 0 0 0 
D32 (um) 66.24 38.81 28.86 28.86 
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Table - A2.5 - Variation of drop frequency with drop size at different 
agitator speeds for PVA ( 55 % hydr. ) "A55". 
Di (um) 350 rpm 500 rpm 650 rpm 350 rpm 
10 - 20 74 94 180 103 
20 - 30 53 55 124 76 
30 - 40 35 45 28 43 
40 - 50 24 68 16 29 
50 - 60 36 65 11 19 
60-70 38 31 7 27 
70 - 80 33 19 1 24 
80-90 16 5 2 12 
90- 100 9 2 0 9 
100- 110 4 0 0 6 
110- 120 0 0 0 2 
120- 130 12 0 0 1 
130 - 140 0 0 0 0 
140-150 2 0 0 0 
150-160 1 0 0 0 
160 - 170 0 0 0 0 
D32 (um) 68.42 56.22 34.43 70.28 
Table - A2.6 - Variation of drop frequency with drop size at different 
agitator speeds for PVA ( 47 % hydr) Polyvic S202. 
Di (um) 350 rpm 500 rpm 650 rpm 350 rpm 
10-20 186 270 439 367 
20 - 30 175 75 18 196 
30 - 40 85 10 3 41 
40-50 1 6 2 3 
50-60 0 0 0 1 
60-70 0 0 0 0 
D32 (um) 27.58 23.17 17.61 24.58 
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Table - A2.7 - Variation of drop frequency with drop size at different 
agitator speeds for PVA ( 84 % hydr. ) S3. 
Di (um) 350 rpm 500 rpm 650 rpm 350 rpm 
10 - 20 30 35 55 55 
20 - 30 55 53 67 68 
30 - 40 42 40 59 62 
40 - 50 24 38 61 70 
50 - 60 20 48 68 89 
60 - 70 22 77 69 77 
70 - 80 22 59 20 20 
80 - 90 49 16 2 3 
90 - 100 50 2 1 0 
100- 110 30 0 0 0 
110- 120 31 0 0 0 
120- 130 15 0 0 0 
130- 140 5 0 0 0 
140- 150 0 0 0 0 
150-160 1 0 0 0 
160- 170 0 0 0 0 
D32 (um) 96.09 64.99 56.73 56.45 
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Table - A2.8 - Variation of Sauter mean diameter with the degree of 
hydrolysis at different agitator speeds . 
Deg. of hydr. (%) 350 rpm 500 rpm 650 rpm 
47 27.58 23.17 17.61 
56 68.42 56.22 34.43 
72.5 66.24 38.81 28.86 
80 94.52 54.93 46.49 
84 96.09 64.99 56.73 
Table - A2.9 - Variation of drop frequency with drop size at different 
agitator speeds for unbaffled sytem (PVA 72.5 % hydr. ). 
Di (um) 350 rpm 500 rpm 650 rpm 350 rpm 
10 - 20 69 111 129 180 
20 - 30 55 91 120 147 
30 - 40 39 72 74 84 
40 - 50 50 40 38 34 
80 - 90 40 42 24 14 
90- 100 38 36 15 7 
100-110 30 28 5 1 
110- 120 28 22 1 0 
120- 130 40 13 1 0 
130 - 140 26 11 0 0 
140 - 150 29 3 0 0 
150- 160 29 5 0 0 
160-170 19 1 0 0 
170- 180 16 0 0 0 
180 - 190 3 0 0 0 
190 - 200 2 1 0 0 
200-210 2 0 0 0 
210 - 220 2 0 0 0 
220-230 1 0 0 0 
230-240 0 0 0 0 
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Table - A2.10 - Variation of drop frequency with drop size at different 
PVA ( Alcotex spec. "A" 72.5 % hydr. ) concentrations (N = 350 rpm) 
Di (um) 0.002 % 0.005 % 0.01 % 0.015 % 0.02 % 0.1% 0.2% 
10-20 87 47 31 53 59 29 73 
20-30 115 67 77 61 68 40 89 
30-40 94 52 44 48 40 46 102 
40-50 57 51 44 81 43 65 129 
50 - 60 33 48 35 66 75 94 69 
60 - 70 32 41 68 76 65 64 12 
70 - 80 20 32 55 36 50 29 2 
80 - 90 21 30 31 8 16 13 0 
90 - 100 18 20 10 0 1 2 0 
100-110 10 2 3 0 0 0 0 
110-120 11 1 0 0 0 0 0 
120- 130 3 0 0 0 0 0 0 
130-140 8 0 0 0 0 1 0 
140 - 150 3 0 0 0 0 0 0 
150- 160 5 0 0 0 0 0 0 
160- 170 4 0 0 0 0 0 0 
170- 180 1 0 0 0 0 0 0 
180 - 190 1 0 0 0 0 0 0 
190 - 200 0 0 0 0 0 0 0 
200-210 1 0 0 0 0 0 0 
210-220 0 0 0 0 0 0 0 
D32 (um) 99.53 69.73 67.05 59.92 60.85 62.03 52.69 
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Table - A2.11 - Variation of volume distribution (%) with drop size at different 
PVA ( Alcotex spec. "A" 72.5 % hydr. ) concentrations (N = 250 rpm). 
Di (um) 0.002% 0.02% 0.1 % 0.2% 
10-20 0.133 0.1 0.06 0.06 
20 - 30 0.66 0.57 0.41 0.48 
30 - 40 0.98 0.9 0.97 0.53 
40 - 50 1.71 2.16 1.53 1.32 
50 - 60 2.25 1.43 1.36 1.39 
60 - 70 3.06 3.11 3.67 3.07 
70 - 80 4.28 5 5.66 10.37 
80 - 90 4.33 12.57 14.72 18.18 
90- 100 3.52 11.54 18.08 22.51 
100-110 4.76 16.21 10.54 11.64 
110- 120 11.61 21.29 16.77 18.69 
120- 130 12.61 11.57 14.98 7.64 
130- 140 2.89 6.62 5.9 4.12 
140 - 150 1.79 4.92 0 0 
150- 160 4.37 2.01 0.18 0 
160- 170 2.64 0 0 0 
170- 180 12.58 0 0 0 
180- 190 3.72 0 0 0 
190 - 200 4.35 0 3.55 0 
200 - 210 5.06 0 0 0 
210 - 220 5.83 0 0 0 
220 - 230 6.67 0 0 0 
230 - 240 0 0 0 0 
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Table - A2.12 - Variation of volume distribution (%) with drop size at different 
PVA ( Alcotex spec. "A" 72.5 % hydr. ) concentrations (N = 350 rpm). 
Di (um) 0.002% 0.02% 0.1% 0.2% 
10-20 0.16 0.29 0.15 0.88 
20 - 30 0.99 1.54 0.94 4.35 
30 - 40 2.21 2.49 2.98 13.67 
40 - 50 2.85 5.68 8.94 36.74 
50 - 60 3.01 18.08 23.61 32.76 
60 - 70 4.82 25.87 26.54 10.3 
70 - 80 4.63 30.57 18.47 1.32 
80 - 90 7.08 14.24 12.06 0 
90 - 100 8.47 1.24 2.59 0 
100-110 6.35 0 0 0 
110-120 9.18 0 0 0 
120- 130 3.22 0 0 0 
130 - 140 10.8 0 3.72 0 
140 - 150 5.02 0 0 0 
150 - 160 10.22 0 0 0 
160- 170 9.86 0 0 0 
170- 180 2.94 0 0 0 
180- 190 3.47 0 0 0 
190 - 200 0 0 0 0 
200 - 210 4.73 0 0 0 
210 - 220 0 0 0 0 
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Table - A2.13 - Variation of volume distribution (%) with drop size at different 
PVA ( Alcotex spec. "A" 72.5 % hydr. ) concentrations (N = 500 rpm). 
Di (um) 0.002% 0.02% 0.1% 0.2% 
10-20 0.51 1.7 1.83 1.58 
20 - 30 3.86 13.49 11.92 19.91 
30 - 40 5.06 23.58 37.57 54.96 
40 - 50 4.64 35.55 40.4 18.75 
50 - 60 6.47 15.96 6.86 2.63 
60 - 70 5.52 7.02 1.42 2.17 
70 - 80 6.22 2.7 0 0 
80 - 90 7.41 0 0 0 
90 - 100 14.95 0 0 0 
100-110 9.31 0 0 0 
110- 120 4.08 0 0 0 
120 - 130 2.62 0 0 0 
130 - 140 9.9 0 0 0 
140 - 150 12.26 0 0 0 
150- 160 0 0 0 0 
160-170 0 0 0 0 
170 - 180 7.19 0 0 0 
180-190 0 0 0 0 
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Table - A2.14 - Variation of volume distribution (%) with drop size at different 
PVA ( Alcotex spec. "A" 72.5 % hydr. ) concentrations (N = 650 rpm). 
Di (um) 0.002% 0.02% 0.1 % 0.2% 
10-20 0.81 16.11 3.57 5.08 
20 - 30 5.73 51.71 24.47 62.58 
30 - 40 6.71 26.38 48.48 31.17 
40 - 50 9.57 5.8 12.67 1.16 
50 - 60 5.83 0 1.54 0 
60-70 7.92 0 0 0 
70 - 80 6.95 0 0 0 
80-90 13.91 0 0 0 
90- 100 7.06 0 0 0 
100-110 7.15 0 0 0 
110-120 0 0 0 0 
120- 130 8.05 0 0 0 
130-140 0 0 0 0 
140-150 0 0 0 0 
150-160 0 0 0 0 
160 - 170 9.25 0 0 0 
170 - 180 11.04 0 0 0 
180-190 0 0 0 0 
Table - A2.15 - Variation of volume distribution (%) with drop size at different 
PVA ( Alcotex spec. "A" 72.5 % hydr. ) concentrations (N = 800 rpm). 
Di (um) 0.002% 0.02% 0.1% 02% 
10-20 1.09 24.28 25.37 26.29 
20 - 30 7.83 48.77 47.54 73.71 
30 - 40 10.48 15.49 24.84 0 
40 - 50 11 5.99 2.29 0 
50 - 60 12.56 5.47 0 0 
60 - 70 13.26 0 0 0 
70 - 80 11.46 0 0 0 
80 - 90 7.41 0 0 0 
90- 100 0 0 0 0 
100-110 6.99 0 0 0 
110-120 4.59 0 0 0 
120-130 5.9 0 0 0 
130- 140 7.43 0 0 0 
140-150 0 0 0 0 
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Table - A2.16 - Variation of drop frequency with drop size at different 
volume fractions ( ratio) for N= 350 rpm (PVA Alcotex spec. "A"). 
Di (um) 0.01 (ratio) 0.05 (ratio) 0.1 (ratio) 0.2 (ratio) 0.3 (ratio) 0.4 (ratio) 
10-20 60 56 48 95 64 48 
20 - 30 67 68 55 85 68 65 
30 - 40 81 55 35 40 38 39 
40-50 111 103 61 34 38 39 
50 - 60 48 85 86 26 31 23 
60 - 70 3 19 80 37 38 29 
70 - 80 0 1 33 36 30 27 
80 - 90 0 0 2 18 22 36 
90 - 100 0 0 0 10 28 26 
100-110 0 0 0 4 20 19 
110-120 0 0 0 2 10 10 
120-130 0 0 0 1 2 7 
130-140 0 0 0 1 1 3 
140- 150 0 0 0 0 4 2 
150- 160 0 0 0 0 0 0 
160- 170 0 0 0 0 0 1 
170- 180 0 0 0 0 0 0 
ISO- 190 0 0 0 0 0 1 
190 - 200 0 0 0 0 0 0 
D32 (um) 44.01 48.63 60.85 71.08 85.96 91.73 
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Table - A2.17 - Variation of volume distribution (%) with drop size at different 
volume fractions (PVA Alcotex spec. "A" 72.5 % hydr. ) (N = 250 rpm). 
Di (um) 0.1 (ratio) 0.2 (ratio) 0.3 (ratio) 0.4 (ratio) 
10-20 0.15 0.24 0.02 0.03 
20 - 30 0.75 1.1 0.14 0.18 
30 - 40 1.14 1.17 0.41 0.18 
40 - 50 1.98 1.14 0.63 0.17 
50 - 60 2.67 1.63 1.06 0.45 
60 - 70 7.5 2.09 1.83 0.52 
70 - 80 9.83 4.13 2.11 0.96 
80 - 90 16.89 5.35 3.07 1.57 
90 - 100 17.23 3.73 5.48 1.84 
100-110 19.54 14.49 4.18 2.18 
110- 120 14.67 13.24 6.34 3.68 
120- 130 6.28 9.57 10.86 3.15 
130- 140 1.98 17.41 10.26 3.97 
140 - 150 0 13.27 12.72 8.2 
150- 160 0 6.08 13.46 6.01 
160- 170 0 2.44 12.49 9.66 
170- 180 0 2.92 4.47 11.53 
180- 190 0 0 5.28 7.66 
190 - 200 0 0 0 15.95 
200 - 210 0 0 0 4.63 
210 - 220 0 0 0 6.68 
220 - 230 0 0 0 3.06 
230 - 240 0 0 0 5.23 
240 - 250 0 0 0 0 
250 - 260 0 0 0 0 
260 - 270 0 0 0 2.5 
270 - 280 0 0 0 0 
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Table - A2.18 - Variation of volume distribution (%) with drop size at different 
volume fractions (PVA Alcotex spec. "A" 72.5 % hydr. ) (N = 350 rpm). 
Di ( um) 0.1 (ratio) 0.2 (ratio) 0.3 (ratio) 0.4 (ratio) 
10-20 0.27 0.47 0.17 0.11 
20 - 30 1.44 1.96 0.82 0.71 
30 - 40 2.52 2.53 1.26 1.17 
40 - 50 9.34 4.57 2.68 2.49 
50 - 60 24.04 6.38 4 2.68 
60 - 70 36.92 14.98 8.09 5.58 
70 - 80 23.39 22.38 9.81 7.97 
80 - 90 2.06 16.29 10.47 15.48 
90- 100 0 12.64 18.6 15.61 
100-110 0 6.82 17.94 15.4 
110-120 0 4.48 11.78 10.65 
120 - 130 0 2.88 3.03 9.57 
130- 140 0 3.63 1.91 5.17 
140- 150 0 0 9.45 4.27 
150-160 0 0 0 0 
160-170 0 0 0 3.15 
170- 180 0 0 0 0 
180- 190 0 0 0 4.43 
190 - 200 0 0 0 0 
257 
Table - A2.19 - Variation of volume distribution (%) with drop size at different 
volume fractions (PVA Alcotex spec. "A" 72.5 % hydr. ) (N = 500 rpm). 
Di (um) 0.1 (ratio) 0.2 (ratio) 0.3 (ratio) 0.4 (ratio) 
10-20 1.94 4.3 2 0.64 
20 - 30 23.7 21.36 12.69 4.02 
30 - 40 47.46 29.13 17.74 5.7 
40 - 50 26.9 19.35 16.29 9.86 
50 - 60 0 21.19 12.75 18.38 
60 - 70 0 4.66 22.45 19.81 
70 - 80 0 0 12.93 15.22 
80 - 90 0 0 3.14 16.61 
90 - 100 0 0 0 1.93 
100-110 0 0 0 7.83 
110-120 0 0 0 0 
Table - A2.20 - Variation of volume distribution (%) with drop size at different 
volume fractions (PVA Alcotex spec. "A" 72.5 % hydr. ) (N = 650 rpm). 
Di ( um) 0.1 (ratio) 0.2 (ratio) 0.3 (ratio) 0.4 (ratio) 
10-20 19.88 6.63 2.53 1.74 
20 - 30 37.09 35.12 17.79 11.85 
30 - 40 33.41 39.04 23.6 18.36 
40 - 50 6.6 16.85 34.77 18.81 
50 - 60 3.01 2.37 13.53 21.46 
60-70 0 0 5.15 21.25 
70 - 80 0 0 2.64 6.53 
80-90 0 0 0 0 
Table - A2.21 - Variation of volume distribution (%) with drop size at different 
volume fractions (PVA Alcotex spec. "A" 72.5 % hydr. ) (N = 800 rpm). 
Di ( um) 0.1 (ratio) 0.2 (ratio) 0.3 (ratio) 0.4 (ratio) 
10-20 48.66 10.23 6.23 6.57 
20 - 30 45.05 38.85 34.43 37.09 
30 - 40 6.29 37.42 25.93 26.93 
40 - 50 0 13.5 17.75 19.4 
50 - 60 0 0 8.53 7.08 
60 - 70 0 0 2.81 2.92 
70 - 80 0 0 4.32 0 
80 - 90 0 0 0 0 
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Table - A2.22 - Variation of Sauter mean diameter with PVA concentrations 
at different agitator speeds. 
PVA conc. ( %) 250 rpm 350 rpm 500 rpm 650 rpm 800 rpm 
0.002 116.6 99.53 76.32 67.75 55.22 
0.005 109.9 69.73 46.31 37.47 34.98 
0.01 96.67 67.05 47.1 37.36 28.02 
0.015 82.89 59.92 39.08 28.52 26.47 
0.02 91.02 60.85 36.1 27.51 21.35 
0.1 96 62.03 36.81 30.47 22.98 
0.2 91.36 52.69 33.67 26.61 21.27 
Table - A2.23 - Variation of Sauter mean diameter with volume fraction of 
the dispersed phase at different agitator speeds. 
Vol. fract. ( ratio 250 rpm 350 rpm 500 rpm 650 rpm 800 rpm 
0.01 48.83 44.01 28.47 25.66 22.53 
0.05 76.02 48.63 32.79 24.57 21.03 
0.1 91.02 60.85 36.1 27.51 21.35 
0.2 104.35 71.08 34.96 29.59 27.74 
0.3 126.7 85.96 43.54 37.21 31.41 
0.4 157.65 91.73 58.22 42.79 30.34 
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APPENDIX 3: Dye experiments data 
Table - A3.1 - Variation of Vc /( Vc + Vi) with residence time at 
different premixing time of non-dyed VCM droplets (ti ). 
Residence time ti =5 min ti = 15 min ti = 30 min ti = 60 min 
0 min 0.25 0.25 0.25 0.25 
5 min 0.47 0.32 0.29 0.29 
10 min 0.6 0.49 0.39 0.35 
15 min 0.71 0.64 0.44 0.41 
30 min 0.78 0.76 0.68 0.62 
60 min 1 0.93 0.81 0.79 
90 min 1 1 1 1 
Table - A3.2 - Variation of Vc /( Vc + Vi) with residence time at 
different PVA (Alcotex spec. "A" 72.5 % hydr. ) concentrations. 
Residence time 0.002 % 0.01 % 0.02 % 0.1 % 
0 min 0.25 0.25 0.25 0.25 
5 min 0.68 0.6 0.29 0.26 
15 min 0.91 0.83 0.41 0.28 
30 min 1 0.86 0.62 0.3 
60 min 1 0.97 0.79 0.65 
90 min 1 1 1 0.84 
120 min 1 1 1 1 
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Table - A3.3 - Variation of Vc /( Vc + Vi) with residence time at 
different agitator speeds (PVA type Alcotex spec. "A" 72.5 % hydr. ). 
Residence time 500 rpm 350 rpm 250 rpm 
0 min 0.25 0.25 0.25 
5 min 0.29 0.25 0.25 
10 min 0.35 0.29 0.27 
15 min 0.41 0.34 0.29 
30 min 0.62 0.36 0.3 
45 min 0.705 0.38 0.36 
60 min 0.79 0.47 0.38 
90 min 1 0.63 0.51 
120 min 1 0.91 0.7 
150 min 1 1 0.8 
180 min 1 1 1 
Table - A3.4 - Variation of Vc /( Vc + Vi) with residence time 
of dyed droplets for KH17 stabiliser (N= 350 rpm ). 
Residence time ( min) Vc Vc + Vi) (ratio) 
0 0.25 
5 0.27 
10 0.28 
15 0.27 
30 0.32 
45 0.35 
60 0.36 
90 0.38 
120 0.4 
150 0.37 
180 0.43 
210 0.46 
240 0.48 
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APPENDIX 4: PVA (Alcotex spec. "A" ) adsorption data 
Table - A4.1 - Variation of PVA adsorbed on VCM droplets with residence time. 
Residence time ( min) Initial PVA ( %) % PVA adsorbed Surface coverage (mg / m2 ) 
0 0.02046 0 0 
5 0.02046 0.00238 2.67036 
15 0.02046 0.00281 2.76926 
30 0.02046 0.00332 2.84358 
45 0.02046 0.00367 3.03325 
60 0.02046 0.00346 2.7507 
90 0.02046 0.00361 2.82272 
120 0.02046 0.00365 2.78678 
Table - A4.2 - Variation of PVA adsorbed on VCM droplets with agitation speed 
N( m) Initial PVA ( %) % PVA adsorbed Surface coverage (m / m2 ) 
250 0.02 0.00176 2.2704 
350 0.02 0.00338 2.9507 
500 0.02 0.00748 4.3982 
650 0.02 0.00864 3.8621 
800 0.02 0.01021 3.599 
Table - A4.3 - Variation of PVA adsorbed on VCM droplets with Sauter mean 
diameter. 
Sauter mean diam. (um) Initial PVA (%) % PVA adsorbed Surface coverage ( mg/m2 ) 
86 0.02 0.00176 2.2704 
58.2 0.02 0.00338 2.9507 
39.2 0.02 0.00748 4.3982 
29.8 0.02 0.00864 3.8621 
23.5 0.02 0.01021 3.599 
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Table - A4.4 - Variation of PVA adsorbed on VCM droplets with the initial 
PVA concentration in the continuous phase. 
Initial PVA ( %) % PVA adsorbed Surface coverage (mg / m2 ) 
0.00199 0.0014 2.0895 
0.01098 0.00354 3.5577 
0.02046 0.00484 3.6953 
0.049 0.005 3.8175 
0.10378 0.01323 10.101 
0.18519 0.01319 10.071 
Table - A4.5 - Variation of PVA adsorbed on VCM droplets with volume 
fraction of the dispersed phase (VCM ). 
Initial PVA ( %) % PVA adsorbed Surface coverage (mg / m2) Volume fraction 
0.0511 0.00627 5.4549 0.1 
0.057 0.01594 7.5449 0.2 
0.064 0.02548 8.5216 0.3 
0.073 0.03437 7.9051 0.4 
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APPENDIX 5: Polymerisation experiments data 
Table - A5.1 - Variation of VCM suspension polymerisation conversion 
with reaction time. 
Reaction time (min) Conversion (%)( for X50 
predissolved in VCM) 
Conversion (%)( for X50 
predispersed in the cont. phase ) 
0 0 0 
15 - 3.4 
30 11.2 7.2 
45 - 13 
60 26.9 20.6 
90 - 34.5 
120 61 54 
150 - 78 
200 - 82 
250 - 84 
300 - 90 
Table - A5.2 - Variation of PVA concentration in the continuous phase 
with reaction time during VCM suspension polymerisation. 
Reaction time (min) PVA conc. in the cont. 
base (% ) 
0 0.064 
5 0.038 
15 0.032 
30 0.031 
45 0.027 
60 - 
90 - 
120 0.02 
150 0.023 
200 0.016 
250 0.007 
300 0.003 
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Table - A5.3 - Variation of PVC porosity with VCM conversion. 
Conversion (%)( for X50 
predispersed in the cont. phase ) 
PVC porosity ( ml. / 100 grams ) 
0 0 
3.4 66.49 
7.2 63.41 
13 62.95 
20.6 60.06 
21 59.39 
54 40.61 
78 23.08 
82 24.27 
84 23.19 
90 19.86 
Table - A5.4 - Variation of Sauter mean diameter of VCM droplets 
with residence time ( reflux simulation ). 
t (min) D32 (um) 
30 49.12 
40 49.33 
50 44.21 
60 43.28 
70 34.87 
80 37.14 
90 36.57 
100 38.1 
110 33.55 
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APPENDIX 6: PVC particle size distribution. 
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Fig - A6.1 - PVC particle size distribution at 3.4 % polymerisation conversion. 
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Fig - A6.2 - PVC particle size distribution at 7.2 % polymerisation conversion. 
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Fig - A6.3 - PVC particle size distribution at 13 % polymerisation conversion. 
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Fig - A6.4 - PVC particle size distribution at 20.6 % polymerisation conversion. 
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Fig - A6.5 - PVC particle size distribution at 34 % polymerisation conversion. 
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Fig - A6.6 - PVC particle size distribution at 54 % polymerisation conversion. 
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Fig - A6.7 - PVC particle size distribution at 90 % polymerisation conversion. 
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